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ABSTRACT

Being able to use representations is a fundamental skill in chemistry. It is important for
instructors to make sure that students are proficient in using them in the classroom. Until now,
research related to students’ use of representations as mainly focused on the knowledge
differences between experts vs novices and what misconceptions students have while using
representations. This study sought to contribute to that research by investigating which types of
representations students use by the way of a web-based assessment which was able to track
student representation use, including time spent accessing specific representations within a set of

five possibilities.

A two phase research study was used to complete this work. The first phase consisted of
developing the initial build of the web-based assessment tool then refining it using usability
testing. Twenty-three chemistry students were interviewed regarding the usability of the web-
based assessment which led to seven major modifications of the assessment’s interface. During
the second phase, the web-based assessment was given to 626 general chemistry students across
two large Midwestern universities. Results showed the web-based assessment to be an effective
method of measurement and that chemistry students seem to be narrow in their choice of
representations. Specifically, students used the Lewis structure for the majority of the
assessment. This observation points to the importance of the chemistry context in driving student

representation use.

In conclusion, this interdisciplinary work offers a new method with which to measure
students’ use of representations in chemistry while highlighting general chemistry students’

tendency to use a limited choice of representations in an assessment setting.
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CHAPTER 1
INTRODUCTION

Educational assessment can be defined as the process of gathering information about
what students know in order for individuals, such as instructors and policy makers, to make an
evaluation about the current state of education (Pellegrino, Chudowsky, & Glaser, 2002). This
type of assessment generally has two outcomes: accountability and instructional feedback.
Accountability is the act of ensuring that students are learning what has been deemed necessary
to learn (Kubiszyn & Borich, 1990). Instructional feedback is the information gathered by

assessment, which can be used by instructors to adjust their teaching as needed (Sadler, 1989).

Due in part to the increased awareness of the need to gather such information, the
demand for assessment efforts in university courses, including chemistry, has increased in recent
years. Determining the extent to which new assessment demands have influenced instructor
thinking presents an important need for those interested in educational reform. To better
understand the level of this demand, the American Chemical Society (ACS) — Exams Institute
(ACS-EI) conducted a national survey in 2010 asking chemistry college faculty around the
United States if their departments were expected to enhance assessment efforts or prepare reports
related to assessment (Emenike, Schroeder, Murphy, & Holme, 2011). Of the 1546 participants,
72% responded that they were aware of such endeavors related to assessment in their department

(Emenike et al., 2011).

Partly in response to these departmental endeavors, the ACS-EI has completed several

projects to enhance the assessment efforts of chemistry instructors. These projects include the
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following: an anchoring concepts map for general chemistry to help instructors better report
assessment outcomes in their classrooms (Murphy, Holme, Zenisky, Caruthers, & Knaus, 2012),
a national survey to determine what visual skills are most important to biochemistry instructors
(Linenberger & Holme, 2014), and an analysis tool called the Exam Data Analysis Spreadsheet
which allows instructors to preform customizable analyses using their students” ACS exams and
to compare the results with national results (Brandriet & Holme, 2015). Respectively these
projects were completed to help general chemistry instructors better understand the content areas
they were measuring, to better understand biochemistry instructors’ view regarding the

visualization of molecules, and to help instructors better interpret data from their measurements.

One area of chemistry that would benefit from such projects would be the assessment of
representations in general chemistry. Representations are a correct component in chemistry and
given the ACS-EI’s work related to molecular visualizations, it would seem to be a logically next
step. Representations act as a type of common language in chemistry for discussing scientific
phenomena (Hoffman & Laszlo, 1991). This is done by the way representations complement and
constrain information (Ainsworth, 1999, 2006). Confirming that students have representational
competence, or the ability to understand and use a variety of representations in chemistry is an
important task (Russell & Kozma, 1997; Stieff, Hegarty & Deslongchamps, 2011). While a
considerable amount of research has been conducted to investigate how students use
representations in chemistry (Cooper, Underwood, & Hilley, 2012; Hinze, Rapp, Williamson,
Shultz, Deslongchamps, & Williamson, 2013; Luxford & Bretz, 2013; Russell & Kozma, 1997;
Williamson, Hegarty, Deslongchamps, Williamson, & Shultz, 2013), there is no research related
to the how students’ comfort with representation usage influences measurements made during

assessment.
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Chemical education research has recently started to quantitatively measure how students
view chemistry representations as a means to understand how students use representations
(Hinze et al., 2013; Williams et al., 2013). This research suggests a unique direction that could

be used for the development of assessment materials of chemistry representations.

Purpose of Study

This research study had two primary goals. First, to develop and to understand how users
think and interact with a method capable of quantitatively measuring how general chemistry
college students use representations. Second, develop an online assessment using that method of
measurement. The assessment can then be used by general chemistry college instructors for

collecting instructional feedback on their students’ ability to use chemical representations.

To address these goals, the study was conducted in two phases. During the first phase, a
method of measurement was developed. It was called the Variable Representation Assessment
(VRA). The VRA is an online assessment application which records how long students use
different representation images while solving general chemistry problems as a means to measure
how they use representations. The representations chosen for the VRA, at least for general
chemistry, were the following: chemical formula, Lewis structure, dash-and-wedge models, ball-
and-stick models, and electrostatic potential maps. These representations have been shown to be
common in university level chemistry textbooks (Berggvist, Drechsler, De Jong, & Rundgren,
2013). Once the initial programing for the VRA was complete, the interface was enhanced

through a series of qualitative interviews and quantitative methods measuring its usability.

The second phase used the VRA to understand how general chemistry students use

chemistry representations and to use that information to enhance the assessment materials.

www.manaraa.com



During this phase, the VRA was administered in two sessions to students from two large
Midwestern universities. The results of the assessment along with the results of how students
viewed the different chemistry representations reveal how students used the representations
answering items that mimic chemistry test questions and provide direction for improving the

assessment.

To guide the efforts of the study, the following research questions were used:
1. How is the usability of the VRA perceived by users?

2. What does the data produced by the VRA tell us about how general chemistry students use

representations?
Thesis Outline

The remaining sections of this thesis are organized as follows: Chapter 2 provides a
review of the relevant research literature focusing on what is a representation, their role in
chemistry, how their usage has been measured, and what are the benefits and obstacles of web-
based measurements. Chapter 3 presents the development of the VRA and chemistry faculty
members’ opinions of it. Chapter 4 covers two experiments performed using the VRA and the
results of each experiment. Chapter 5 concludes with general results of the study, limitations, and

directions for future research.
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CHAPTER 2
REVIEW OF RELEVANT LITERATURE

This chapter presents the literature reviewed for this study. Discussion in this chapter will
start by answering the following questions: what is a representation and what is the role of
representations in chemistry? The discussion then transitions to answering: how is the use of
representations measured in chemistry and what are the benefits and obstacles of web-based

assessments?

Representations

The use of representations is present in many disciplines including: biology (Tsui &
Treagust, 2003), mathematics (Arcavi, 2003; Brenner, Mayer, Moseley, Brar, Duran, Reed, &
Webb, 1997), and physics (Fredlund, Airey, & Linder, 2012; Tang, Tan, & Yeo, 2011). These
disciplines require students to understand concepts to which they cannot directly interact with.,
To aid students in these disciplines, instructors use representations to help them understand these
concepts. Representations act as intermediaries between abstract concepts and students, which
they can use to learn those concepts (Jong, Ainsworth, Dobson, Hulst, Levonen, Reiman, Sime,
Someren, Spada, & Swakk, 1998). The use of representations, especially multiple
representations, helps students to understand different concepts by three primary methods:
complementing the information each depicts, constraining each other, or a combination of the

previous two (Ainsworth, 1999, 2006).
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Representations in Chemistry

Chemistry is another discipline that uses many representations. Representations act as a
common language for chemists of various expertise to understand and discuss chemical
phenomenon (Hoffman & Laszlo, 1991). The use of representations is a skill individuals need to
have in order to be successful in chemistry (Treagust & Chittleborough, 2001). There are
multiple ways that an individual can express proficiency using representations; two of these
include the ability to traverse Johnstone’s triangle (Johnstone, 1982, 1993, 2000, 2010) and

representational competence (Russell & Kozma, 1997).

Johnstone’s triangle is the idea that knowledge in chemistry has three aspects of
knowledge and representation: the macroscopic, the microscopic, and the symbolic (Johnstone,
1982, 1993, 2000, 2010). Coal can be used to illustrate these three aspects. The macroscopic or
observable properties of coal would be its black and rocky exterior. Coal’s microscopic
attributes, details that cannot be seen, are the atoms that bond together to form a piece of coal.
The chemical formula that represents coal would be an example of its symbolic domain. Being
able to transition from one aspect to another is a key in being successful in chemistry (Johnstone

1993, 2000, 2010). Figure 2.1 shows Johnstone’s triangle with various coal illustrations.
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(Symbolic)

(Microscopic)
Credit: Karol Glgb

(Macroscopic)

Figure 2.1: Johnstone’s triangle of chemistry

Representational competence in chemistry is the ability to understand and use a variety of
representations (Russell & Kozma, 1997; Stieff, Hegarty & Deslongchamps, 2011). When
Kozma and Russell (1997) introduced the term, they defined individuals as having the ability to
“...see expressions with different surface features as all representing the same principle, concept,
or chemical situation, and they can transform the expression of a chemical concept or situation in

one form to a different form.”

The Measurements of Representation Use in Chemistry

Because the use of representations is important in chemistry, many studies have been
conducted to investigate how students use them. Many of these studies can be classified into one
of three categories: new techniques to support the teaching of representations (teaching),
measuring misconceptions related to representations (misconceptions), and the general

measurement of representation use (measurement).

The following section will focus solely on misconceptions and measurement research as

those studies better align with the study presented in this thesis. Table 2.1 highlights a number of
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studies that measured how students used representations and specifically lists, which category of
representation research it fits, the authors of the study, and the method of measurement in the

study.

Table 2.1: Studies Measuring Individuals Use of Representations

Type of Study Authors Method of Measurement
Misconceptions &  Luxford & Bretz (2013, 2014) Interviews and Concept Inventory
Measurement

Measurement Williamson, Hegarty, Eye-tracking

Deslongchamps, Williamson, &
Shultz (2013)

Measurement Hinze, Rapp, Williamson, Shultz, Eye-tracking
Deslongchamps, & Williamson
(2013)
Misconceptions &  Cooper, Underwood, & Hilley Interviews and Concept Inventory
Measurement (2012)
Measurement Kozma & Russell (1997) Interviews

Measuring Bonding Misconceptions by Luxford & Bretz (2013, 2014)

Luxford & Bretz (2013, 2014) investigated students’ understandings of ionic and
covalent bonding. For this purpose, they wanted to develop a concept inventory from a single
context. Concept inventories at the time related to students’ understandings of bonding were
developed from various expert knowledge contexts. The context Luxford & Bretz chose was
students’ ideas of bonding. To understand these ideas, 24 interviews were conducted with high
school and first year college chemistry students where they created multiple representations
using colored pens, paper, Playdoh®, and toothpicks followed by discussion of expert generated
representations. Quotes and themes that emerged from the interviews were used for the

development of a 32 item pilot concept inventory called the Bonding Concept Inventory (BRI).
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In a pilot study, the BRI was administered to 247 second-semester general chemistry students.
The final version of the BRI was revised to 23 questions based on the results of the pilot study
and was sent to 1072 high school and college students across the United States. Analysis of the
students’ results showed that the BRI could measure students’ bonding misconceptions in a valid
and reliable manner. In addition, it highlighted the potential of mixed-method research and
revealed some common misconceptions students held as related to bonding.

Using Eye Tracking to Measure Students’ Choice of Ball-and-stick versus Electrostatic

Potential Maps by Williams et al. (2013)

Williams et al. (2013) explored the possibility of using eye-tracking in chemical
education research as they investigated students’ eye movements and focus on ball-and-stick
images versus electrostatic potential map images. Williams et al. conducted a pilot study with 9
organic chemistry students that asked students to solve 40 randomized questions. Twenty-four of
those questions involved two static side-by-side images: one was a ball-and-stick representation
and the other was an electrostatic potential map representation. The 24 questions were comprised
of 4 common questions repeated with 6 sets of different molecules. Analysis of students’ eye
movements revealed that the amount of time spent on each representation was dependent on the
questions being answered. Specifically, analyses showed that the amount of time students
focused on ball-and-stick images compared to the electrostatic potential map images was
statistically different for most questions. Interestingly though, when the relationships between
item correctness and time spent on ball-and-stick images were compared, a negative or neutral
relationship was found for all questions. When the same relationship was calculated with

electrostatic potential maps, a positive relationship was found for all questions. The results of the
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study showed eye-tracking software to be an effective tool in chemistry education research and

that an individual’s focus was an important qualitative measurement.

Further Studies with Eye Tracking by Hinze et al. (2013)

Hinze et al. (2013) sought to further investigate students’ choice of ball-and-stick
representations vs electrostatic potential map representations. They used eye-tracking in a similar
fashion when compared to the Williams et al. (2013) study. Hinze et al. (2013) focused on how
prior knowledge and question type affected students’ choice of ball-and-stick representations and
electrostatic potential map representations. A total of 225 organic chemistry students from Texas
A&M University were asked to complete an 18 question in-class quiz, which was used to
determine high prior knowledge (HPK) (top 1/3 of scores) and low prior knowledge (LPK)
(bottom 1/3 of scores) participants. Based the results, 18 HPK and 12 LPK students were
recruited for the study. The students recruited attended eye-tracking sessions where they
answered 24 questions involving two static side-by-side images: a ball-and-stick representation
and an electrostatic potential map representation. Five seconds prior to each question,
participants could freely view each image. This pause served as an opportunity to measure if any
bias was present with each set of images. Analyses did not find any statistically significant
differences from these moments of viewing. Each question in the study was defined as being an
identification or inference. Analyses revealed that HPK students scored statistically higher than
LPK students on the activity overall. Specifically, HPK students performed statistically higher on
both identification questions (p-value = 0.05) and inference questions (p-value = 0.003). When
students’ scores were analyzed in the context of the eye tracking measurements, they found

statistical significance between the amount of time HPK and LPK students viewed electrostatic
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potential maps. The study by Hinze et al. (2013) forth enforced eye-tracking as a potential

research tool for chemical education.

The Implicit Information from Lewis Structures Instrument by Cooper et al. (2012)

Cooper et al. (2012) had the goal of developing a method that could measure students’
misconceptions related to Lewis structures. They accomplished this by developing a concept
inventory grounded in student understanding. Their initial step consisted of asking 32 second-
semester general chemistry students, 134 second semester organic chemistry students, and 10
graduate students the following question: “What information can be obtained from a Lewis
structure?” Based on the responses, two researchers found eleven topics regarding Lewis
structures. A random subset of students’ responses were selected and coded according to those
topics. Inter-rater reliabilities ranging from 0.83 to 1 were reached by researchers. The coded
responses were then used to develop the preliminary version of the Implicit Information from
Lewis structures (11LSI) concept inventory. The IILSI was reworded for clarity purposes over
three semesters after being administered to 648 general chemistry students and 2,336 organic
chemistry students. The final version of the IILSI was administered to 2,349 students. In order to
determine if the 1ILSI produced reliable measurements, two sets of general chemistry students
from the academic years of 2010 and 2011 who had the same instructor were compared with a
Chi-square analysis. This analysis determined that there was no significant difference between
the two sets of students’ answers. Overall, the IILSI provides instructors with a tool that they can

use to easily assess what their students know and do not know about Lewis structures.
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Expert vs Novice Representation Use by Kozma & Russell (1997)

Kozma & Russell (1997) explored the differences between experts’ and novices’ use of
representations with the hope of discovering methods that could be used to develop effective
multimedia techniques for teaching representations. They conducted two think-aloud
experiments to investigate these differences. The first study had 11 experts and 10 novices who
were given a stack of fourteen 4-by-6 inch cards with different chemical images on them. The
images belonged to one of four categories: diagrams, graphs, animations, and video. All images,
excluding diagrams, had a corresponding 10 to 40 second movie clip. Participants were asked to
construct card groupings after they had viewed all of the cards. Card groupings could be of any
size and created for any reason, such as but not limited to, all of the cards had a common method
of portraying information or all of the cards related to a specific chemical concept. Participants
were asked to think aloud as they created their groupings. Analysis of the groupings showed that
experts, when compared to novices, created groupings that were larger, more diverse in the
number of different types of representations used, and more focused on conceptual than surface

details.

The second experiment had the same participants complete a transforming task.
Participants were shown 15 different representations and then asked to select an equivalent
representation from a stack of 15 cards or to generate their own representation if necessary. Each
transformation had a single correct answer. Experts were scored statistically higher on the

transformation activity than novices.

These experiments showcased a unique method to measure representation use and to

utilize multiple representations. In general, experts were able to work with representations more
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efficiently based on several factors, which included effective transferring across various

representations and an understanding of conceptual ideas rather than just surface details.

Summary of Measurements of Representation Use in Chemistry

The use of representations in chemistry have been measured with several different
methods. Each method has its own strengths adding to the understanding how individuals use
representations. One method of measurement that appears to not be utilized though, is web-based

assessments.

Web-Based Assessments

Web-based assessments are tests, which are delivered via the Internet. Commonly, they
are discussed as e-assessment, computer-assisted assessment, and online assessment. Web-based
assessments have their benefits and obstacles when compared to most traditional methods as

paper-and-pencil or in-person interviews.

Benefits

Benefits associated with web-based assessments include automation and data collection.
Web-based assessments have the potential to reduce the amount of time and streamline the effort
required by instructors for a variety of tasks via automation; thus, allowing them to use more
resources for other endeavors for their students. In addition, web-based assessments have the

potential to collect more diverse data than standard tests.

The time saved by web-based assessment automation can take several forms, such as
automation of scoring and delivery. The automation of scoring eliminates the need to hand score

an assessment. This can allow students to receive feedback dramatically faster, even
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instantaneously in many cases (Jordan & Butcher, 2010). The automation of delivery can reduce
the amount of time and effort required to distribute an assessment. Technologies, such as java
applets, can allow an assessment to operate on multiple computers without being dependent on
the specific application installed (Crisp 2001). In the case of web-based assessments, it would

only require a computer to have an internet browser to utilize them.

Another main advantage associated with web-based assessments is their ability collect
diverse and rich data (Vendlinksi & Stevens, 2002; Zenisky & Sireci, 2002). This is easily
accomplished due to their visual interfaces, which allow for a variety of novel question types,
such as drag-and-drop, passage editing, and inserting text (Boyle & Hutchinson, 2009; Zenisky

& Sireci, 2002).

Obstacles

Several obstacles need to be overcome before the benefits of web-based assessments can
be fully utilized. One of the most important obstacles to overcome when developing a web-based
assessment is its usability or ease of use. Since the study of usability is a large field, only a

limited sample of usability studies will be discussed.

The visual interfaces of web-based assessments have the possibility of creating problems
for users. Ensuring that they are easy to operate for users is crucial because if the assessments are
not operated properly, the information they collect may be incorrect. Past studies show that
usability tests are an important part in the design of such systems and should be essential for

their development (Crowther, Keller, & Waddoups, 2004; Lim, Song, & Lee 2012).

Usability tests can be conducted several ways. When Crowther et al. (2004) wanted to

ensure students were able to effectively use an online system for teaching introduction chemistry,
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they recorded students’ feedback while they interacted the system. In addition, they asked
several interview questions post-interaction. Crowher et al. (2004) found that the system had

functional and navigational issues due to their efforts.

Lim et al. (2012) conducted usability test using a method called iterative design where
feedback would be recorded for one version of a system that would then inform the design of the
next version then repeated as necessary. Lim et al. (2012) completed two cycles using this
method with interviews, questionnaires, and experts’ suggestions when developing the KERIS
digital notebook. Using these methods they discovered issues such as, ineffective menu layouts
that confused users and poor navigation that led to users to use their time searching for

information using the system.

The preceding literature regarding usability is only a limited sample of the present
research completed in the field. Techniques for conducting usability tests are presented in

Chapter 3.
Summary

Representations are an important part of several disciplines. They act as a medium
between learners and the abstract concepts that they portray in order to help students learn.
Chemistry is a discipline that uses a variety of different representations in order to discuss
different phenomena. Ensuring that students are satisfactory and fluent in the use of
representations is important. Several studies have been completed using a variety of different
methods to better understand what students understand as related to representations. One method

that has been not used is the web-based assessment. Web-based assessments allow for
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measurements that seem impossible with other methods. Extra care is required in order to take

full advantage of them though. Usability is one of the areas that requires extra attention.
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CHAPTER 3

PHASE ONE: DEVELOPING A WEB-BASED REPRESENTATION ASSESSMENT

This chapter will describe the development of the Variable Representation Assessment
(VRA), which is used throughout this research study. Specifically, this chapter will explain what
the VRA entails, what the usability test performed using the VRA informed for its development,
and the opinions of chemistry faculty members concerning the VRA. After the VRA was fully
developed, it was evaluated for its usability using an iterative process where it under went three
sets of modifications. Once the modifications were complete, a survey was issued to gather
chemistry faculty members’ opinions from around the United States about the VRA regarding

their interest in it and the general direction of its design.
Variable Representation Assessment

The VRA is a web-based assessment tool that was developed to record how long students
view different representations while solving chemistry problems as a means to measure how they
use different representations. During development, the VRA could be accessed by any device
that had an internet browser. Users with an internet connection and an internet browser could log
into the VRA using a username created by the test administer. Once users logged in, a
randomized test was generated for the user using a set of pre-defined questions to account for
any order item effect (Schroeder, Kristen, & Holme, 2012). Each question had a set of three
different molecules as answer choices given in a random order to remove bias in answer choices.
Each molecule had a set of five different images with each representing a different chemical
representation that appears in a random order to control for bias. The exception was the first

representation button, which was always the chemical formula for each molecule. The view of
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each molecule was restricted to only allow one representation to be viewable at a time. Users
could change to any representation while answering questions. The restriction to only allow one
representation image per option choice to be viewed at a time was a design choice. Limiting or
segmenting the amount of information a student has access to at a given moment can reduce their
cognitive load when using an application (Mayer & Moreno, 2003). While users viewed different
representations, their choice of representation was recorded along with a timestamp of when they
changed the representation using the navigation. Figure 3.1 shows the appearance of the first

version of the VRA.

Which molecule is most soluble in water?
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Figure 3.1: First version of the VRA with navigation on the left side and on the sides of
each representation for changing views

Usability Test

The effectiveness of the VRA’s measurements depended on how well students
understood how to change representations using its navigation. Therefore a usability study was

conducted.
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Before a usability study can start, goals should be defined. Once goals are defined, proper
formative and summative forms of evaluation can be selected for the usability test to address
those goals. Formative evaluation is used to understand the specific details about an interface
while summative evaluation is concerned with the overall interface (Nielsen, 1994; Rohrer
2014). Summative evaluation can also be used to tell how much better or worse an alternative

interface is compared to other versions of the same interface (Nielsen, 1994; Rohrer, 2014).

Formative and Summative Evaluation Methods

The primary goal of the usability study was to ensure that users employed the VRA’s
navigation to change representations. The secondary goal of the usability study was to address
any other usability issues users encountered since they may affect users’ answer choices in

unforeseen ways.

To address the primary goal, a formative evaluation method called Ajax action tracking
was selected. Ajax action tracking is a method for observing actions a user preforms while using
the VRA. It was inspired by past web-based action tracking techniques (Atterer, Wnuk, &
Schmidt, 2006; Atterer & Schmidt, 2007). Using this method, the frequency at which a user

changed representations was recorded.

To address the secondary goal, a mix of formative and summative evaluation methods
were used. The first formative method was Ajax action tracking. The VRA had functionalities
besides being able to change representations such as enlarging representations. Ajax action
tracking was used to record how frequently a given functionality was used. In addition to Ajax
action tracking, interviews were used as a second formative measure of usability. Interviews are

a method to collect users’ preferences and issues about an interface (Holzinger, 2005).
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Interviews were used for two reasons. First, they were a method of collecting qualitative data
regarding actions measured by Ajax action tracking. Second, they were an exploratory method
for uncovering usability issues that could not be discovered using the other evaluation methods
used in the usability test. The summative method was the System Usability Scale (SUS) (Brooke,
1996). The SUS is a 10-item survey that has been shown to be a reliable and valid quantitative

measure of self-reported usability (Bangor, Kortum, & Miller, 2008).

Iterative Design

Development of the VRA used an iterative process. As data was collected from usability
testing, the next version of the interface was developed based on the analysis of the data. Jakob
Nielsen states that having five users is sufficient to find 85% of usability issues for a given
interface (Nielsen, 1994; Nielsen, 2000). If five users can find that many issues from one
interface, it may be a more effective use of resources to give new users a new interface to test
instead of having them use an interface that was already tested. Therefore, new testers would be
given the new interface instead of the already tested interface. Participants were never re-used

using this process.

The following steps were used in the iterative design of the VRA:

1. Development of the first version of the VRA

2. Usability testing of the first version (10 participants)

3. Analysis of data from the usability test of the first version of the VRA

4. Use results of the first version of the VRA to inform development of the second version

of the VRA
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5. Usability testing of the second version of the VRA (8 participants)

6. Analysis of data from the usability test of the second version of the VRA

7. Use results of the second version of the VRA to inform development of the third version

of the VRA

8. Usability testing of the third version of the VRA (5 participants)

9. Analysis of data from the usability test of the third version of the VRA

No assessment items were modified during this process.

Components of the VRA

The VRA tool had four distinct components corresponding to the different components of
the study. A pre-survey where users can report their experience using different chemical
representations, the interface that allows users to navigate through and view different
representations, the different assessment items, and a post-survey for measuring the usability of

the tool. The following sections describe in further detail each components’ design and purpose.

Pre-survey

In order for the usability testing to simulate experimental conditions as accurately as
possible, all components of the study were added to the usability test. After logging into the
VRA, participants were asked to complete a pre-survey asking for their experience with each
representation within the application: chemical formula, Lewis structure, dash-and-wedge model,
ball-and-stick model, and electrostatic potential map. For each representation, participants were
asked if they had ever solved a chemistry problem using the representation. If yes, when did they

first solve the problem and how frequently do they use the representation to solve problems? The
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order of the pre-survey questions was static. All pre-survey responses were recorded in a
MySQL database and analyzed using R, a statistical software package. Data from the pre-survey
collected during the usability test is not reported as the focus of the usability test was on the

development of the VRA.

Interface

The interface of the VRA was made of two primary components. The representations
users could view while solving assessment items and Ajax action tracking, which was

responsible for recording areas of functionality users interacted with.

The chemical formula, Lewis structure, and dash-and-wedge model representations in
the VRA were created using ChemDraw 13 (Ultra, 2001) software and edited as needed with
Microsoft Paint software. Electrostatic potential maps and ball-and-stick models were created

using Spartan 2008 (Spartan, 1995) software and default settings.

Ajax action tracking is an adaptable method that can record different pieces of
information based on its design. For the VRA, it was designed to record how frequently different
functionalities were used to see if they were utilized by users. Similar techniques have been
shown to be powerful tools for usability research (Atterer, Wnuk, & Schmidt, 2006; Atterer &
Schmidt, 2007; Menezes & Nonnecke, 2014). Below are the different actions for each version of

the VRA that were recorded along with a description of the action.

The first version of the VRA recorded three actions:

1. Zoom functionality — Users were able to make one and only one representation larger for
a period of time. Users could see the enlarged image by clicking on the smaller image of

any representation.
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2. Single representation navigation — Users could change the representation that was
displayed for an individual molecule. Representations were in a static sequence when
users used the single representation navigation. This action was performed when one of
the two blue arrows on the left or right side of a representation was clicked using the

mouse.

3. Multiple representation navigation - Users could change the representation that was
displayed for all three molecules at once regardless of what representation was visible for
any molecule. Representations would display according to the label on the button clicked
by the user. This action was performed when the buttons on the left side were clicked

using the mouse.

The zoom functionality and single representation navigation were removed from the
second version of the VRA. The reasons for these modifications are discussed in the data and
analysis portion of the usability test section. The following actions were recorded in the

second version of the VRA:

1. Multiple representation navigation — Same action as in the first version.

2. Image Answer Selection — Users could select an answer choice by clicking on the
representation image, which corresponded to the appropriate answer choice. This action

was performed by clicking on the representation using the mouse.

The image answer selection was modified in the third version of the VRA. The reasons
for this modification are discussed in the data and analysis part of the usability test section.

The third version of the VRA recorded one action:

1. Multiple representation navigation — Same action as in the first and second version.
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For this study, Ajax action tracking also recorded the specific time when a user would change
which representation was visible. The records allowed for the total amount of time a
representation was visible to be calculated. Recording time spent viewing representations is
normally done with eye-tracking software allowing only one individual to be recorded at a time
(Hinze et al., 2013; Williams et al., 2013). By using Ajax action tracking, similar measurements

can be recorded for multiple individuals at one time.

All actions and time measurements recorded with Ajax action tracking were stored into a
MySQL database and analyzed using R. Only the frequency of actions are reported in this

chapter.

Assessment

The assessment component in the VRA was designed for general chemistry students. In
order to develop assessment questions, different general chemistry textbooks were reviewed
including Bauer (2009), Brown, LeMay, Bursten, Murphy, & Woodward (2014), Russo & Silver
(2001), and Silberberg & Duran (2002). An initial list of 38 questions was created and was later
reduced to 11 questions by the consensus of a team of chemistry education researchers. All
assessment responses were recorded in a MySQL database and analyzed using R. Results of the
assessment are not reported for the usability test but are reported for the pilot study and full

experiment in chapter 4.

Post-survey

Participants completed the SUS as a post-survey after completing the assessment

component of the VRA. Scoring the SUS gives a score of 0 to 100. 0 being poor usability and
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100 being excellent usability (Brooke, 1996). All SUS responses were recorded in a MySQL

database and analyzed using R.

Participants

After approval from the Institutional Review Board was obtained, see Appendix A, 23
students from a large Midwestern university during the fall of 2014 participated in the usability
test. In-class announcements were used to recruit participants from courses in general chemistry
for engineers, advanced general chemistry, and introductory quantum mechanics. All students
were informed of the identities of the key personnel who were involved in the study, the need for
20 to 30 minutes of their time for the activity, and the compensation of pizza for volunteering
their time. Individuals could express their interest to participant with email or by sign-up during
class announcements. Meetings were set at mutual convenience times. All participants stated
they were 18 years or older. An example of the in-class recruitment signup can be found in

Appendix B.

The logic for asking different levels of chemistry students to participate was to get a more
diverse group of users. Students with varying levels of chemistry knowledge were invited to
highlight possible usability issues that might depend on familiarity with the subject matter.

Differences in users have been discussed as a factor in usability issues (Nielsen, 1989).

Procedure

Participants and the researcher met at a mutually agreed upon location and time. Each
participant was then given two copies of the consent form: one for their personal records and the
other to be signed confirming their consent. Each participant was given a verbal explanation of

the consent form contents and activity. After verbal explanations were given, participants could
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read the consent and ask questions. Once questions were answered and formal consent was
given, each participant was given a username and asked to log into the VRA website. All
participants used the internet browser Firefox on the same Windows 8.0 Lenovo laptop for this
activity. While participants were using the VRA, the researcher remained in close proximity to

participants until completion of the activity to answer any questions from the participant.

Following the activity, interviews were conducted. Each version of the VRA has its own
interview guide developed with a common set of questions along with version specific questions.
The common set of questions were developed to be unrestrictive with respect to the qualities of
the VRA as to allow participants to talk about what they found to be most relevant. The version
specific questions were developed to address actions and features that were unique to a given
version. Follow-up questions were asked as needed to encourage users to elaborate on their
initial statements (Holzinger, 2005). Not all participants were asked all questions. All interviews
were recorded using an Olympus WS-600S voice recorder and transcribed verbatim for analysis.
A full list of interview questions for the first, second, and third versions of the VRA can be found
in Appendix C, D, and E respectively. An example of a transcribed interview for the first,

second, and third versions of the VRA can be found in Appendix F, G, and H respectively.

After completing the activity, participants were informed of the day and location where
they would receive pizza as compensation for their participation. If the given day was
inconvenient for a participant, alternative plans were made for them to receive said

compensation. An example of the consent form can found in Appendix I.
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Results of the Usability Test and Modifications
First Version: Formative Evaluation

Results from Ajax action tracking showed that the 10 participants used the zoom
functionality on three occasions and the single representation navigation on nine occasions. All
participants were recorded using the multiple representation navigation. There was a total of 197

instances of participants using the multiple representation navigation (M = 19.7, SD = 6.8).

In the first version interviews, participants who were asked if it was difficult to view the
representations while using the VRA, all reported no issue viewing representations. In a follow-
up question immediately afterwards, participants were asked if they had known about the
existent of the zoom functionality. Responses were a mixture of yes and no with both groups
reporting that they did not need it. One participant stated they did not know about the existence
of the zoom functionality but if they needed such functionality, they would have searched for it.

When participants reported how they changed representations, all stated they used the
multiple representation navigation. Participants described using the multiple representation
navigation for two reasons. It allowed them to view a specific type of representation immediately
versus using the static sequence of representations via the single representation. In addition, the
multiple representation navigation allowed for easier comparison of the representations as it

changed all three representations to one specific type.

The final finding of the formative evaluation was related to the triangular layout of the
representations. One participant when asked if there was anything they disliked about the VRA,

they explained how the triangular layout of the representations did not line up with the radio
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buttons responsible for selecting answer choices making it difficult at moments to select answers.

The triangular layout also created a scrollbar that users did not appreciate.

First Version: Summative Evaluation

The average SUS score of the first version was 90.3 (SD = 6.3). This score was
considered high based on past SUS score analysis (Bangor et al., 2008). Generally, scores over
70 are considered acceptable while scores over 85 are given to interfaces of higher quality. While
the current SUS score is an important piece of data, it may be more important when compared to
the scores of the other versions to see if any version of the VRA scored statistically better or

worse than the others.

First Version: Modifications

Four major modifications were complete after a week of analysis and programming. The
first response of the usability test on the first version of the VRA was the removal of the zoom
functionality. As indicted by Ajax action tracking and interviews, the zoom functionality was
rarely used. The representations in the VRA were large enough to read without needing them

enlarged. This allowed participants to ignore the zoom functionality.

The second response was the removal of the single representation navigation. Ajax action
tracking recorded only nine occasions of the single representation navigation being used. Users
stated that they preferred the multiple representation navigation as their method of changing
representations. The multiple representation navigation allowed them to change all three
representations at one time and to go directly to the representation of their choice. The multiple
representation navigation acted as a shortcut for navigating representations. Shortcuts are a type

of accelerator that reduce the amount of time required for frequently used functionality (Nielsen,
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1994). The multiple representation navigation reduced the amount of time needed to change a

representation when compared to the single representation navigation.

The next result was the modification of the triangular layout of the representations. Users
stated their dislike of the layout because it required scrolling and did not map intuitively with the
answer choice layout. Mapping is the idea of consistency between two sets of two elements that

are connected by a specific functionality (Norman, 2002).

The last result was the addition of the image answer selection. It was developed to help
improve mapping between the representations and answer choices. If users could select an
answer choice by clicking on the representation it corresponded to, then this could reduce errors

performed by the user when matching answer choices to representations.

Figure 3.2 shows a view of the second version VRA after modifications were complete.

Which molecule contains the strongest bond?
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Figure 3.2: Second version of the VRA with a linear layout for representations
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Second Version: Formative Evaluation

Results from Ajax action tracking for the second version showed that the 8 participants
used the image answer selection on two instances. Participants used the multiple representation
navigation a total of 259 occurrences (M = 32.4, SD = 15.1). Records showed one person had
used the multiple representation navigation zero times. It should also be noted that one
participant asked about using paper and pencil to draw representations. This participant was

informed about the multiple representation navigation capabilities.

The participant who did not use the multiple representation navigation was asked to
explain their reasons. They stated that the labels on the multiple representation navigation
appeared to be different categories of problems to be completed. When the participant was
answering questions, they thought they were given the chemical formula for each molecule
because that was the current category of assessment items. The participant also reported that the
tutorial did not aid them in learning about the multiple representation navigation and how to use
it.

When participants’ preference for selecting answer choices was investigated, many
reported preferring the traditional answer choice layout on the top of the VRA left of the submit
button compared to the image answer selection. This was largely due to users not knowing that
the image answer selection existed. After given a description of the image answer selection,
many participants thought the idea had merit. One participant stated that it could help individuals
select their answer because the images would help discriminate the answer a user would try to

select with their mouse.
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The final issue was related to the linear layout of the representations. One participant
reported that the misalignment of the representations and answer choices created difficulties for

them while selecting answer choices.

Second Version: Summative Evaluation

The average SUS score of the second version of the VRA was 91.6 (SD = 6.0). The
Wilcoxon ranked-sign test was used to evaluate the difference in the two sets of SUS scores
of the VRA (Wilcoxon, 1945). With each sample size being small (n <= 10), a normal
distribution was not assumed. No statically difference was found between the two groups
based a p-value of 0.620. This finding was not surprising as the previous score was high, so

the room for improvement was hindered.

Second Version: Modifications

Three major modifications were complete after an additional week of analysis and
programming. The first result of the second iteration of the usability test was the modification of
the tutorial page. The tutorial was redesigned to require users to complete a practice assessment
item before proceeding to the main assessment. This created a low stakes environment where
users’ scores were not affected by their answer on the tutorial problem before advancing to the
high stakes environment. Low stakes environments have been shown to be good tutorials
(Atwood, 2014). The new tutorial also acted as a constraint to slow down the user and encourage
them to read the tutorial’s information. For the purpose of usability studies, a constraint is a

design choice that requires users to behave in a specific way (Norman, 2002).

The second response was the modification to the multiple representation navigation. The

buttons were updated to have more contrast with the gray background. This was done by
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coloring the buttons green and by adding a red border around each button corresponding to its
state of use. These additions were made to spur users into attempting to use the multiple
representation navigation. This changed was inspired when the participant who did not use the

multiple representation navigation stated their misunderstanding of the buttons as basic labels.

The last response was the image answer selection modification. While many participants
reported they did not know that the image answer selection existed, they stated that the concept
was admirable. To address the image answer selection’s discoverability, visual cues were added.
Discoverability is the extent or degree to which a feature can be identified by a user (Norman,
2002). The first cue was that highlights appeared whenever a user’s mouse cursor hovered over
an image. The highlight was yellow if the answer was selectable and permanently gray if the
answer was already selected. The second cue was the combining of the image answer selection
and the buttons from the top section of the interface after their removal. This visual addressed the

issue of misalignment between the answer choices and their corresponding representation.

Figure 3.3 shows a view of the third version VRA after modifications were complete.

Which is the most polar molecule?

Change
Images To

Option A = Option B & Option C

Figure 3.3: Third version of the VRA with the updated multiple representation navigation
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Third Version: Formative Evaluation

All participants were recorded using the multiple representation navigation for a total of

118 instances (M = 23.6, SD = 12.6).

Qualitative data collected from interviews did not reveal any possible usability issues.

Third Version: Summative Evaluation

The average SUS score of the third version of the VRA of 90.4 (SD = 6.0). A Kruskal-
Wallis rank sum test was performed to find any differences between the three different sets of
SUS scores for the VRA (Kruskal & Wallis, 1952). A normal distribution was not assumed as
each sample size was at or under 10 participants. No statistical difference was found between the
three groups based a p-value of 0.856. All three groups of participants generally had the same

opinion of the VRA.

Third Version: Modifications

No modifications to the interface of the VRA were made based on the results from the
third version usability test. As all participants were recorded as using the multiple representation
navigation, no new usability issues were discovered and no statistical difference was found

between the SUS scores, goals of the usability test were deemed satisfied.

Discussion of Usability Test

As a result of usability testing done with the VRA, despite scoring high on the SUS on all
three version of the VRA, multiple usability issues were discovered. To address the issues
discovered during usability testing of the first and second version of the VRA, several

modifications were made. These included removing unused functionality, a redesign of the
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tutorial page, and visual updates to the multiple representation navigation. After these
modifications were made, it was assumed there were no more usability issues based on the

results of the usability test with the third version of the VRA.

Interest in the VRA

The goal of the VRA was to be a tool that professors could use to gain instructional
feedback on their students’ ability to use different chemistry representations. To assess if
professors would be interested in using the VRA and what that interest was associated with, a
survey was designed and given as part of a needs assessment survey study (Reviere, Berkowit.,
Carter, & Graves 1996) given out yearly by the American Chemical Society — Exams Institute
(ACS-EI) (Emenike et al., 2013; Linenberger & Holme 2014). The focus of the survey was to
better understand chemistry professors’ thoughts on scientific practices, if scientific practices

could be assessed, and opinions on novel concepts in chemistry.

Survey

The needs assessment survey began with demographic questions. Participants were asked
their institution’s location, the type of degrees their institution afforded to students, and the
course they taught the most frequently in the past 5 years. Additional questions were present but

not reported in this study.

Questions related to the VRA began by asking participants to report how frequently they
used chemical formula, Lewis structure, dash-and-wedge model, ball-and-stick model, and
electrostatic potential map representations in their exams. Afterwards, a primer briefly explained
what the VRA was and looked like. Following the primer, participants were asked to report their

interest level in the VRA and if they thought that allowing their students to use a navigation
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system similar to the VRA would help or hurt them. Lastly, there was an area for participants to
give additional comments if they wished. The questions on the survey related to the VRA can be

found in Appendix J.
Participants

2,352 professors completed the needs assessment survey in the spring of 2015. Chemistry
faculty members from different institutions across the United States of America were emailed
inviting them to participate in the online survey. The faculty members’ emails were part of a
database maintained by the ACS-EI using public information from institutional websites. Faculty
members who were emailed, were incentivized to complete the survey in order to be part of
random drawing for an Apple IPad. Only those 2,177 who fully completed the VRA questions

were included in the analysis reported here.

Participants from the survey covered every state in the United States plus the District of
Columbia and Puerto Rico. Table 3.1 shows the type of degrees offered by participants’

institutions and their primary chemistry course that they taught.
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Table 3.1: Demographic Characteristics of Participants

Characteristics n %

Degrees by Institution
Teaching Certification 150 6.9
Associate 285 13.1
Bachelor 1525 70.1
Master 709 32.6
Doctoral 801 36.8

Chemistry Course
Biochemistry 70 3.2
General 1696 77.9
Inorganic 27 1.2
Instrumental analysis 22 1.0
Organic 264 12.1
Physical 44 2.0
Quantitative analysis 27 1.2
Other 27 1.2

Procedure

Participants were informed the survey took 15 to 30 minutes to complete. Before
participants started the online survey, consent was required for the study associated with the
survey. Once consent was given, participants could answer any questions they felt comfortable
with. A formal time limit of two weeks was given to complete the survey. One week before the
deadline, participants were given a reminder stating that they could complete the survey if they

desired.

Results of Survey

Tables 3.2 shows the results of how participants self-reported how often they used
specific representations on their exams. Each response option was coded as a numerical value in

order to calculate an average. “Never” was coded as one, “rarely” was coded as two, and
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“occasionally” was coded as three, and “frequently” was coded as four. Using this method,
chemical formula (M = 3.89) was the most used representation on exams followed by the Lewis
structure (M = 3.62) followed by dash-and-wedge models (M = 3.43). Ball-and-stick models (M

= 2.53) and electrostatic potential maps (M = 1.90) were the least used.

Table 3.2: Results of How Often Participants Use Representations on Their Exams

Representation Never Rarely Occasionally Frequently
Chemical formula 9 27 163 1978
Lewis structure 50 118 442 1567
Dash-and-wedge 69 199 641 1268
Ball-and-stick 401 636 725 415
Electrostatic potential map 896 715 438 128

Interest in the VRA was self-reported as following: not interested (n = 199), somewhat
interested (n = 720), interested (n = 785), and very interested (n = 473). A similar method of
coding as performed with the representation on exam response was complete with the interest
level responses. “Not interested” was coded as one, “somewhat interested” as two, “interested”

as three, and “very interested” as four. An average of 2.70 was calculated.

Participants’ opinions of wether if the VRA’s navigation would help or hurt their students
was as following: helps (n = 1667), hurts (n = 107), and neither (n = 403). An average for the
data was found by coding the results as binary values. The focus of this question was to highlight
if participants believed the VRA’s navigation was helpful or not. “Help” was coded as one and

“hurts” or “neither” were coded as zero. Afterwards an average of 0.76 was calculated.

Since general chemistry students were the intended users of the VRA, a second analysis
was completed using only participants who reported their primary class during the last 5 years as

general chemistry. The second analysis found that chemical formula (M = 3.91) was the most
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used representation on exams for general chemistry professors followed by Lewis structure (M =
3.73) then dash-and-wedge models (M = 3.39). Ball-and-stick models (M = 2.57) and
electrostatic potential maps (M = 1.91) were again the least used. Table 3.3 shows the results

how of general chemistry participants reported how they use representations on their exams.

Table 3.3: Results of How Often General Chemistry Participants Use Representations on
Their Exams

Representation Never Rarely Occasionally Frequently
Chemical formula 3 17 111 1565
Lewis structure 13 49 321 1313
Dash-and-wedge 44 173 552 927
Ball-and-stick 227 507 581 331
Electrostatic potential map 683 579 336 98

Interest in the VRA for general chemistry participants was as follows: not interested

(n = 144), somewhat interested (n = 531), interested (n = 625), and really interested (n = 473).

The interest average was 2.75.

General chemistry participants’ opinions of whether if the VRA’s navigation would help
or hurt their students was as follows: helps (n = 1292), hurts (n = 84), and neither (n = 320). An

average of 0.76 was calculated.

To find if a relationship was present with how participants used representations on their
exams and their interest level in the VRA, a Chi-Square test was performed with each
representation and interest level (Pearson 1900). If a significance was found, a polychoric
correlation was calculated. A polychoric is a correlation between two sets of ordinal variables
and results in a value from +1 to -1 indicating a positive or negative relationship (Olsson 1979).

Table 3.4 shows the results of each Chi-Square test and polychoric correlation. Each Chi-Square
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test showed a statistical significance. Chemical formula, Lewis structure, and dash-and-wedge
showed weak correlations at or below 0.14. Ball-and-stick and electrostatic potential map

showed slightly stronger correlations with values at 0.22 or higher.

Table 3.4: Results of Correlating Participants’ Interest with Representations on Exams

Representation X2 p-value Polychoric Correlation
Chemical formula 25.71 0.0022 0.14
Lewis structure 41.95 <.0001 0.14
Dash-and-wedge 47.59 <.0001 0.11
Ball-and-stick model 118.39 <.0001 0.22
Electrostatic potential map 115.61 <.0001 0.25

A Chi-Square test was performed to investigate the relationship between participants’
opinions on the VRA’s navigation and interest in the VRA. If a significance was present, then a
rank biserial correlation was calculated. A rank biserial correlation is the strength of a
relationship between a set of ordinal of values and a set of binary values (Cureton 1956). The
correlation ranges from +1 to -1 indicating a positive or negative relationship. The Chi-Square
test produced a significant result of x2 = 517.06; p-value <.0001. A rank biserial correlation of

0.63 was calculated.

The statistical analysis performed for all participants was also performed for all
participants who reported their primary class during the last 5 years as general chemistry. Tables
3.5 shows the results of each Chi-Square test and polychoric correlation for each representation.
Similar to the results of the statistical analysis with all participants, chemical formula, Lewis
structure, and dash-and-wedge showed weak correlations while ball-and-stick models and

electrostatic potential maps showed slightly stronger correlations.
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Table 3.5: Results of Correlating General Chemistry Participants’ Interest with
Representations on Exams

Representation X2 p-value Polychoric Correlation
Chemical formula 22.64 0.0070 0.11
Lewis structure 23.76 0.0046 0.08
Dash-and-wedge 32.43 0.0002 0.11
Ball-and-stick model 112.86 <.0001 0.25
Electrostatic potential map 114.44 <.0001 0.28

The Chi-Square test between general chemistry participants’ thoughts regarding the
VRA’s navigation and interest in the VRA produced a significant result of x2 = 415.71; p-value <

.0001. A rank biserial correlation of 0.64 was calculated.
Discussion of Survey

Several results were discovered with regards to general interest of the VRA and the
different factors of the application. First, the interest level of all chemistry faculty members and
those who report themselves as primarily teaching general chemistry in the VRA was always
positively correlated with the different representations they use on their exams. The most notable
of the representations was the electrostatic potential map and the ball-and-stick model. One
reason for this may because creating highly detailed electrostatic potential maps and ball-and-

stick models requires expensive software instructors may not have access to.

The second result observed was the large correlation between interest and chemistry
faulty members’ opinions on the VRA’s navigation for their students. The ability to navigate
different representations is a key feature of the VRA and to have a correlation of over 0.6 with an
individuals’ interest in the VRA is a piece of evidence that the development of the VRA is in line

with faculty members’ opinions.
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Summary

This chapter presented the Variable Representation Assessment, a tool developed to
properly measure how students use representations in general chemistry. The development of the
VRA was completed using a variety of usability methods to ensure users could properly use it,
which in turn allowed the VRA to be a proper method of measurement. Several usability issues
were found to affect how users interacted with the VRA and modifications were made to address
them. After the usability test, a survey was given to assess chemistry faculty members’ opinions
on the VRA. Data analysis indicated there was a positive relationship between interest in the
VRA and several factors present within the VRA with the most important possibly being the

navigation system.
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CHAPTER 4

PHASE TWO: MEASURING HOW STUDENTS USE REPRESENTATIONS AS A

METHOD OF IMPROVING A WEB-BASED ASSESSMENT

There are several factors that should be considered when developing an academic
website. In the case of the Variable Representation Assessment (VRA), the first factor to be
examined was its usability. The next factor, which this chapter will discuss, is the state of its
assessment materials. This was done by completing a pilot study and a full study where students
from general chemistry courses from two Midwestern universities used the VRA. The difficulty
and discrimination along with time measurements of how they used chemistry representations
were analyzed as means to improve the quality of the VRA’s assessment. Usability was also

measured as a continued effort to ensure users were able to effectively use it.

Pilot Study

The first study completed with the VRA was a full-scale pilot study that was conducted
to inform the direction of future assessment content for the VRA. This experiment was
exploratory in nature as there is no literature related to how general chemistry students would use
representations to solve chemistry problems when given several representations to view. The
following sections will highlight the modifications made to the VRA during the usability test
described in Chapter 3 and the pilot study, the results of the pilot study, and steps going forward

based on those results.

www.manaraa.com



43

Components of the VRA

Pre-Survey

There were no modifications made to the pre-survey between the usability test and pilot

study.

Interface

The first modification made to the VRA’s interface before the start of the pilot study was
to the image layout. Users started on a set of blank images instead of a set of chemical formula
images at the start of each question. This was done to prevent confounding results due to
differences in the amount of time a representation image was used. Activities such as reading the
stem of a question would increase the amount of time recorded for whatever representation was
used at the beginning of each item. During analysis, the time for such activities could be assumed
to be the time spent on the blank representations increasing the accuracy of the results and
analysis of time measurements. Corresponding multiple representation navigation buttons for

blank images were added also to the left hand side of the interface as part of the change.

The second modification to the interface was a visual addition to the left-hand side
multiple representation navigation buttons. A red outline was present for a button whenever the
corresponding representation was present. This was done to allow the program to be more

consistent between the buttons and the representation visible at any given time.
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The last modification to the interface was to the electrostatic potential map images. The
settings used to create them using Spartan 2008 software were changed from the usability.
Settings of a 0.004 isoValue and -200 to 180 kJ/Mol scale were used to create a more consistent
visual representation where red corresponded to negative charge and blue corresponded to
positive charge. Similar settings have been used previously for electrostatic potential map
representations (Williamson et al., 2013). Figure 4.1 shows the interface of the VRA after the

modifications were complete.

Which molecule is non-linear?

Change
Images To

Option A © Option B © Option C ©

Submit

Figure 4.1: The VRA after modifications were complete before the pilot study
Assessment

Several questions were modified to be more grammatically correct. All questions,

corresponding answer choices, and corresponding representation images for the pilot study can

found in Appendix K.
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Post-Survey

In addition to the SUS (Brooke, 1996), users could write comments regarding their

thoughts in a textbox after the assessment.

Participants

A total of 327 students from a second semester general chemistry at a large Midwestern
university during the spring of 2015 used the VRA as part of an in-class activity. Before the
activity, all students were informed who the key personnel involved in the study were, the need
for them to bring a laptop or tablet to class to participate, and the compensation of extra credit
for participating. A paper alternative was available for the purposes of earning extra credit for
those who did not bring a laptop or tablet. The paper alternative was not analyzed as part of the

study. The paper alternative can found in Appendix L.

All 327 participants stated they were 18 years of age or older and agreed to the study
consent from. 14 participants were removed from analysis using list wise deletion (Allison &

Data, 2001) as they did not fully complete the activity leaving a total of 313.

Participants completed a pre-survey where they reported whether they had ever used a
specific representation in order to see what representations they used most frequently. If
participants reported themselves as using a specific representation, they were also asked when
they first used the representation and how frequently. Table 4.1 shows how participants reported
themselves as using representations that appeared on the VRA. Table 4.2 shows when
participants reported themselves as first using each representation. Table 4.3 shows what

participants reported as frequency for using each representation.
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Table 4.1: Number of Students Based on Whether They Had Previously Used Each
Representation

Representation Yes No
Chemical formula 311 2
Lewis structure 310 3
Dash-and-wedge model 202 111
Ball-and-stick model 239 74
Electrostatic potential map 95 218

Table 4.2: Number of Students Based on When They had First Used Each Representation

Representation Middle School  High School College Other
Chemical formula 97 203 8 3
Lewis structure 41 228 38 3
Dash-and-wedge model 4 103 95 0
Ball-and-stick model 36 162 40 1
Electrostatic potential map 1 46 47 1

Table 4.3: Frequency of Use of Each Representation Among Study Participants

Representation Never Rarely Occasionally  Frequently

Chemical formula 3 21 109 178

Lewis structure 1 41 203 65

Dash-and-wedge model 10 79 99 14

Ball-and-stick model 18 119 87 15

Electrostatic potential map 4 73 17 1
Procedure

Two days before the in-class activity during lecture, possible participants were informed
to bring a laptop or tablet if they wanted to participate in the study. During the day of the
activity, a test administrator visited each section, gave a verbal explanation of the consent form,
and answered students’ questions as needed. Once questions were answered, participants were
given a username and URL with which they could access the VRA if they brought a laptop or
tablet. The paper alternative was given out as needed. Participants were given approximately 10
minutes in class to read the consent form and to use the VRA. The test administrator for each

classroom section was present in order to answer questions as needed for each section. After
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participants completed the activity, their email addresses were given to the professor of the
course for the process of assigning extra credit. An example of the consent form can found in

Appendix M.
Results of Pilot Study

Usability Results

Ajax action tracking recorded that all users successfully used the multiple representation
navigation. The majority of participants used the multiple representation navigation on their first
question. The remaining participants used it first on the second, third, or seventh question. Table
4.4 shows the question on that participants first used the multiple representation navigation and

how many did use the navigation on those questions.

Table 4.4: Question on Which Participants First Used the Multiple Representation
Navigation

Navigation Used On Which Question n %
First 307 98.1
Second 4 1.3
Third 1 0.3
Seventh 1 0.3

The average SUS score for the pilot study was 78.2 (SD = 15.3). There was a drop of

12.8 in the average SUS score from the usability test.

The majority of comments from the post-survey discussed how participants enjoyed the
VRA and having the ability to change to different representations as needed. Several comments
questioned the purpose of the blank option. One participant stated that test was initially

confusing to use. Another stated that the wording for some questions were too ambiguous
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without stating what questions were problematic. The remaining comments gave suggestions for

the VRA such as the rotation of the 3D representation images.

Assessment Results

The difficulty and discrimination indices of each VRA question were calculated.
Difficulty is a measure of how many participants correctly answered a specific item (Adams &
Wieman, 2011; Ding & Beichner, 2009). Discrimination is a measure of how well a question
distinguishes between higher and low performing students with regards to their assessment score
(Adams & Wieman, 2011; Ding & Beichner, 2009). This type of evaluation was performed in
order to see what questions caused participants to struggle. In addition, this evaluation helped
identify problem items that could be altered for future versions of the assessment. Figure 4.2

shows the difficulty and discrimination indices for each question of the VRA.

1.0~

o
oo

o
(2}
o4}

10 - 1%
117"

Disgrimination
~
N

o

N

N
.

0.0- 6

0.0 0.2 04 0.6 0.8 1.0
Difficulty

Figure 4.2: Difficulty and discrimination indices for each of the 11 items for the pilot study
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The difficulty of a question can range from 0 to 1. Questions with a lower value are
considered harder items while higher valued questions are considered easier. Figure 4.2 shows
that the difficulty of VRA questions ranged from near about 0.4 to near 1.0. Ideally questions
would be in the range of 0.33 to 0.8 range for difficulty. 0.33 is the level of guessing for a
multiple choice question with three answers. Based on the difficultly indices, most difficult
question was 9. This question asked, “Which molecule has the unknown halogen with the largest
partially negative charge?” This question could only be logically answered by using electrostatic
potential map representation images. Question 9, its answers, and its representation images can

be found in Appendix K.

Item discrimination is the calculated difference between the top and bottom 27%
individuals determined by total score who answered the question correctly as a percent (Adams
& Wieman, 2011; Ding & Beichner, 2009). The discrimination of a question ranges from -1 to
+1. Positive values indicate that higher performing students have answered that specific question
correctly more often than lower performing students. Values above 0.30 are considered to have a
high ability of distinguishing between higher and low performing students (Doran, 1980). Most
VRA questions were above 0.30 with the exception of three questions: 3, 4, and 6. This set of
questions can be seen in the bottom right hand corner of Figure 4.2. These questions were too

easy for participants resulting in poor discrimination.

Inspection of participants’ total scores revealed all participants earned a score of 3 or
higher on the assessment. This may be because several of the questions had a difficulty of 0.89
and higher. The average score was 8.1 (SD = 1.7). In general, the assessment was easy as

illustrated by the histogram of total scores (Figure 4.3) that is negatively skewed. The purpose
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for discussing participants’ total scores during the pilot study is for discussion later in the

chapter.

60 80

Frequency
40

Total Score

Figure 4.3: Distribution of participants’ total scores for the pilot study

Time Measurement Results

The focus of the VRA’s time measurements was to determine which representation was
the most used for each question. The first statistics calculated were the mean and standard
deviation for the amount of time each representation was used for all questions. These were
calculated using Ajax action tracking records that are described in Chapter 3. Non-normal
distribution was assumed for the measurements as most representation / question combination
had a standard deviation larger than their mean. The Friedman Test was used to statistically

analyze the measurements (Friedman, 1937). The Friedman Test is the non-parametric
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alternative to the one-way repeated measures ANOVA and determined whether a statistically
significant difference was present among any of the representation’s total used time amounts. If a
difference was detected, pairwise comparisons using the Wilcoxon signed rank tests were
performed to determine where these differences lie (Wilcoxon, 1945). Bonferroni corrections
were used in the multiple pairwise comparisons to account for the higher possibility of Type |

errors (Bonferroni, 1936).

Table 4.5 shows the mean, standard deviation, and statistical analysis for the amount of
time each representation was used for all questions. While the Friedman Test was calculated for
each question, the primary focus of the analysis was to determine which representation was the
most used for each question. The pairwise comparisons using Wilcoxon signed rank test and
Bonferroni corrections p-value between statistically significant difference between the most used
on average representation and second most used on average representation is reported for that
position. The only questions where Lewis structure was not the most used representation on
average were question 5, “Which molecule is organic by definition,” and question 9, “Which
molecule has the unknown halogen with the largest partially negative charge?”” For both
instances, Lewis structure was the second used most used representation but no statistically

significant difference found between with the most used representation for each question.
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Table 4.5: Mean, Standard Deviation, and Statistical Analysis of Time Used in Seconds for all Representations for Each
Question - All Pilot Study Participants

Question CF2 LS® D&W ¢ B&S ¢ EPM © Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 14 31) 41 (51) 26 (43) 12 (24) 12 (23) 140 (85) <.0001°¢ <0001 9
2 25 (46) 57 (68 28 (56) 11 (24) 09 (2.4) 180 (125 <.0001°9 < .0001 ¢
3 0.7 (1.8) 23 (42) 16 (29 16 (26) 05 (12) 100 (62) <.0001°¢ 0.0580
4 11 (43) 34 (52) 20 (35) 24 (33) 08 (22) 131 (77) <.0001°¢ < 0001
5 31 (44) 27 (39) 16 (39 09 (1.8 07 (L5 123 (74) <.00019 > 9999
6 0.7 (17) 18 (18 10 (1.8 06 (1.8) 03 (0.9 78 (57) <.0001°¢ 0.0014 ¢
7 15 (35) 39 (59) 31 (46) 15 (2.8) 2.6 (45 162 (9.5 <.0001°¢ > 9999
8 49 (70) 51 (61) 29 (56) 1.8 (30) 20 (47) 203 (135) <.00019 > 9999
9 37 (51) 67 (10.0) 55 (65) 36 (56) 7.0 (100) 333 (16.8) <.0001°¢ 0.0920
10 41 (73) 51 (82) 41 (74) 18 (47) 3.7 (44) 237 (158) <.00019 0.3100
11 30 (58) 44 (65 17 (36) 18 (31) 20 (25 171 (93) <.0001°9 0.0533

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick,  EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value
Most Used Representation, Second Most Used Representation
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Analysis of the overall data revealed Lewis structure as the primary representation used
by students during the pilot study. Further analysis was completed to investigate whether this
trend was true for additional contexts. To do this, four subsets of the overall time measurement
data were created for analysis. They were as follows: (1) a subset of time measurements from
participants who answered the question correctly, (2) a subset of time measurements from
participants who answered the question incorrectly, (3) a subset of time measurements from
participants who answered the question fast, and (4) a subset of time measurements from

participants who answered the question slow.

Identifying the subsets of fast and slow were inspired by the Dual Processing Theory
which states humans have two distinct modes of thought (Evans, 2008). One cognitive mode
which is fast, automatic, and without much effort while the other which is slow, reactive, and
requires conscious ability. To create the fast and slow subset for each questions, a histogram was
created using the R statistical software package with 30 breaks of no set bin size. For the purpose
of this analysis, an individuals’ time interacting with a particular representation that fell between
zero seconds and the highest frequency of time used to complete a question in seconds was
considered fast. Any other time was considered slow. There is nothing particularly significant
about the time of maximum frequency for student attention. Nonetheless, it is likely that, given
the empirical evidence acquired, people beyond this frequency are unlikely to be using the fast
processing, heuristic cognitive pathway. Figure 4.4 shows an example of this separation for

question 9.
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Figure 4.4 Separation of fast and slow participants based on total time for question 9

Similar to the analysis to complete for the overall data, the mean, standard deviation, and
statistical analysis for the amount of time each representation was used for all questions for the
correct, incorrect, slow, and fast subset. The results can be found in Appendix N, O, P, and Q
respectively. The measurements for question 6 in Appendix O are absent as only two participants
answered the question incorrectly making it impossible to accurately perform analysis. All four
subsets saw Lewis structure as the most used representation or the second most used
representation with no statistically significant difference between the most used representation

with each question.

Discussion of Pilot Study

Usability of the VRA during the pilot study was satisfactory. The average SUS score for
the VRA was 78.2 which is acceptable as based previous research (Bangor, Kortum, & Miller,

2008). In addition, nearly all participants were recorded using the multiple representation
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navigation which was the primary goal from the usability test. Two questions arose based on the
data though. What was the cause of the dramatic drop in SUS score from the final usability test
prior to the pilot study and why did only 307 of the 313 participates use the multiple
representation navigation on their first question? Participants’ comments do not answer these

questions.

Results of the time measurement analysis suggest that Lewis structure was participants’
primary representation during the pilot study. Lewis structure was calculated as the most used
representation for many questions using the full set and subset of time measurements. When the
Lewis structure was not the most used representation, it always was the second most used
representation with no statistically significant difference found with the most used

representation.

Based on these observations, it is unsurprising that when the Lewis structure was not the
most appropriate representation for a question, it appeared participants struggled. The most
difficult item based on the evaluation of the assessment was question 9 which could only be

answered using a non-Lewis structure representation, the electrostatic potential map.

Full Experiment

After the large scale pilot study was complete, modifications were made to the VRA
based on the results. Once they were complete, the VRA was administered to two groups of first
semester general chemistry students during the spring of 2015 at two large Midwestern
universities to see how students from different universities preformed. The universities will
hereafter be referred to as University A and University B. The modifications made to the VRA

for the full experiment along with its result will be discussed in the following sections.
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Components of the VRA

The pre-survey and post-survey were not modified between the pilot study and full
experiment. This section will cover the modification to the interface and assessment components

of the VRA before the full experiment was administered.

Interface

All arrows representing bond polarities were removed from dash-and-wedge
representations. This modification made dash-and-wedge representations more consistent with

what is present in classroom textbooks (Brown, LeMay, Bursten, Murphy, & Woodward 2014).

Assessment

Analysis of the pilot study results suggested that general chemistry students primarily
relied on Lewis structure for a variety of questions including items that the Lewis structure is not
the most appropriate representation to use. The pilot study had one question that was impossible
to solve by solely using the Lewis structure. In order to further investigate this phenomena of
Lewis structure usage, additional questions were added where it was impossible to solve by

solely using the Lewis structure.

In addition to adding new items, several questions were removed as they were too easy
based on difficulty indices from the pilot study or they contained content closely related in other

items.

The final assessment contained 10 items overall. Six items from the pilot study and four

new items. Five assessment items were questions where it was impossible to solve them by
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solely using the Lewis structure. The other five questions were able to be solved logically using

only the Lewis structure.

All questions, corresponding answer choices, and corresponding representation images

for the full experiment can found in Appendix R.

Participants

232 students from University A completed the VRA. Of those, 40 participants were
removed from analysis for not completing the full activity or showing lack of effort. Lack of
effort was operationalized as any participant who started using the multiple representation
navigation then at some point stopped using it. This left a total of 192 participants for analysis.

The results of University A’s pre-survey results can be found in Appendix S.

142 participants from University B completed the VRA. Using the same criteria as
University A, 21 participants were removed leaving a total of 121 participants for analysis. The

results of University B’s pre-survey results can be found in Appendix T.

All participants from both universities stated being 18 years or older and agreeing to the

study.

Procedure

A procedure similar to that used in the pilot study was used for the full experiment.
Announcements were used to inform all participants at their corresponding university of the key
personnel involved in the study, the activity they were being asked to complete, the formal limit
of a week to complete the activity, and the compensation of extra credit for participating. After

announcements were made, emails were sent to all possible participates giving them a username
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and URL to access the VRA. After the time limit was reached, students’ email addresses were
sent to their corresponding instructors for extra credit. The same consent form the pilot study was
used for this experiment and can found in Appendix M. An example of the email sent to

participants can be found in Appendix U.

Results of Full Experiment

Usability Results

Not all University A and B students were successful in using the multiple representation
navigation. Table 4.6 and 4.7 shows what questions University A and B participants first used

the multiple representation navigation respectively.

Table 4.6: Number and Percentage of Participants from University A Who Used the
Multiple Representation for the First Time on Each Question

Navigation Used On Which Question n %
First 188 97.4
Second 4 2.1
Never 1 0.5

Table 4.7: Number and Percentage of Participants from University B Who Used the
Multiple Representation for the First Time on Each Question

Navigation Used On Which Question n %
First 111 91.7
Second 4 3.3
Sixth 1 0.8
Never 5) 4.1

Participants who were recorded as not using the multiple representation navigation were
removed from further analysis. Individuals who never changed what representation they used

could not supply accurate information as related to the results of the SUS, assessment, or time
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measurement. Therefore, the number of participants from University A was reduced down to 191

participants and the number of participants from University B was reduced to 116.

The average SUS score for University A was 74.7 (SD = 16.1) and the average SUS score

for University B was 66.3 (SD = 17.4).

Many of the comments made during the full experiment were similar to the comments
made in the pilot study: enjoyed the system and having the ability to use multiple
representations, having confusion about the blank option, and wanting rotation for the 3D
objects. Two participants, one from each university, stated that the directions were unclear. One

also stated they didn’t know when the test started versus the tutorial.

Assessment Results

The majority of items for University A and University B had difficulty levels between
0.33 and 0.8 with the exception of one item above 0.8 difficulty. This was a shift in difficulty
from the pilot study where four of the items were over 0.80 difficulty. The assessment had
become harder than previously. In terms of results between University A and University B,
University B had fewer items above a 0.60 difficulty than University A indicting the assessment

items may have been easier for them.

Discrimination indices for all items for University A and University B were above 0.30
indicting all items were able to distinguish between high-performing and low-performing
students. This discrimination seems to be a result of the items not being extremely easy or hard
in terms of difficulty. These observations about difficulty and discrimination appear to be a result

of the modifications done to the questions between the pilot study and the full experiment.
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Difficulty versus discrimination graphs for University A and B can be found in Figures
4.4 and 4.5 respectively. For reporting purposes, assessment items used in both the pilot and full
study were assigned the same code and items used only for the full study have a new code.
Specifically the following questions were used for same for each study: 1, 2, 5, 8, 9, and 10. The

following items were used only on the full study: 13, 14, 15, and 16.
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Figure 4.5: Difficulty and discrimination indices for each of the 10 items for
the full experiment for University A students
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Figure 4.6: Difficulty and discrimination indices for each of the 10 items for
the full experiment for University B students

Early in analysis, there was concern regarding whether both universities should be pooled
together. One way to address this concern was to compare performance on the VRA, so analysis
was performed using the total scores of students from both universities. The average for
University A was 5.6 (SD = 1.9) while the University B was 4.9 (SD = 1.7). To statistically
compare the two group of scores Welch’s T-test was used. The Welch’s T-test is a method for
comparing two samples uneven in size (Welch 1947). Using Welch’s T-test, a statistically
significant difference was found between total scores with a p-value of 0.0006. Further analysis
showed a statistically significant difference between University A between University B when
the subsets of questions are compared. For questions where participants could use Lewis

structures freely in their efforts to the questions, University A scored 3.1 (SD = 1.2) while
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University B scored 2.7 (SD = 1.1). Using Welch’s T-test, statistical significance was found
based on a p-value of 0.0140. For questions that could not be answered solely with the Lewis
structure, University A had an average score of 2.5 (SD = 1.2) and University B scored on
average 2.1 (SD = 1.2). Welch’s T-test revealed a statistically significant difference based on a p-
value of 0.0043. Based on this analysis, the groups were not combined. This analysis also shows

that students, on average, did better on Lewis questions compared to non-Lewis questions.

The distribution of participants’ total scores from University A and B can found in Figure

4.7 and 4.8 respectively.

Since participants’ total scores indicted the assessment had become more difficult, it was
hypothesized there would may be a relationship between total scores and SUS scores.
Participants may have had a hard time distinguishing whether they just did not like the
assessment about chemistry and the application itself. A Pearson correlation was calculated to
better understand this relationship (Pearson, 1895). University A participants had 0.13
correlation indicting a weak relationship between the two variables. University B participants

had a slighter strong correlation at 0.25.
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Figure 4.7: Distribution of University A participants’ total scores for full experiment
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Figure 4.8: Distribution of University B participants’ total scores for full experiment
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Table 4.8: Mean, Standard Deviation, and Statistical Analysis of Used Time in Seconds for all Representations for Each

Question - All University A Participants

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 10 23) 50 (151) 28 (6.8) 24 (160) 1.3 (46) 166 (26.2)  <.0001°¢ 0.0348 9
2 48 (103) 80 (13.9) 46 (7.5) 23 (82) 14 (29) 261 (20.3)  <.0001¢ 0.0062 9
5 57 (10.6) 3.9 (144) 2.0 (4.1) 11 (3.0) 07 (L7) 177 (192)  <.0001¢ 0.0045 9
gh 88 (15.6) 46 (81) 28 (47) 23 (78) 16 (34) 26.1 (27.6)  <.0001° 0.0019 9
9 43 (7.0) 7.6 (12.0) 4.2 (1.5) 37 (7.1) 6.4 (11.3) 35.0 (26.1) 0.0002°¢ > 9999
10 57 (14.8) 66 (141) 2.6 (9.8) 14 (3.8) 3.7 (7.9 252 (243)  <.0001¢ > 9999
13 39 (11.5) 129 (21.4) 119 (15.7) 10.4 (19.4) 2.4 (63) 479 (39.7)  <.0001¢ > 9999
14 20 (3.0) 101 (9.6) 3.7 (4.4) 32 (39) 25 (55) 262 (153)  <.0001¢ <.00019
15h 58 (10.9) 180 (32.3) 7.9 (150) 58 (147) 35 (7.1) 463 (546)  <.0001¢ <.00019
16 9.9 (17.1) 157 (23.2) 7.5 (13.6) 4.1 (6.1) 3.0 (6.2) 44.6 (375)  <.0001¢ 0.0070 ¢

4 CF: chemical formula, ° LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value, " Removed outliner(s)
Most Used Representation, Second Most Used Representation
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Table 4.9: Mean, Standard Deviation, and Statistical Analysis of Used Time in Seconds for all Representations for Each
Question - All University B Participants

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 30 (7.6) 50 (122) 29 (6.2) 16 (2.8) 1.7 (34) 186 (20.1) 0.0015°¢ 0.5152
2 58 (14.6) 62 (94) 40 (127) 21 (48) 1.0 (22) 245 (23.4) <.0001¢ 0.8089
5 35 (6.4) 3.7 (102) 1.7 (3.9) 10 (2.3) 0.7 (1.0) 151 (165) <.0001¢ > 9999
gh 62 (10.1) 62 (11.4) 3.0 (5.9) 24 (7.2) 17 (35) 239 (18.8) <.0001¢ > 9999
9 38 (47) 65 (790 37 (1.1 33 (53) 6.2 (10.9) 31.0 (23.4) <.0001¢ > 9999
10h 52 (10.7) 89 (19.1) 17 (3.2) 14 (27) 35 (53) 257 (24.9) <.0001¢ > 9999
13 30 (92) 65 (12.3) 6.6 (124) 6.7 (7.5) 23 (6.7) 350 (48.2) <.00019 0.4120
14 23 (2.9) 65 (80) 3.0 (4.3) 41 (47) 26 (3.9) 252 (27.6) <.00019 0.1399
15 51 (6.8) 18.0 (27.4) 65 (135 3.7 (70) 3.1 (6.1) 412 (36.6) <.0001¢9 <.00019

16 8.3 (8.8) 21.1 (33.7) 49 (7.4) 3.8 (4.9) 2.8 (4.0) 449 (379 <.0001°¢ <.0001 ¢
& CF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value, " Removed outliner
Most Used Representation, Second Most Used Representation
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Time Measurement Results

During the analysis of the time measurements, several outliers were removed. Any
participant who required over 500 seconds for a question was removed from the analysis of that
question. After outliers were removed, analysis was completed for three sets of time

measurements for each university: overall, correct, and incorrect.

Table 4.8 and 4.9 detail the analysis of University A and University B students’ time
spent on each question. As was seen in the pilot test, students tend to view Lewis structures as
the primary representation to answer questions in the VRA. The key numbers to notice in these
tables are those that indicate the number of items where the most used is the Lewis structure.
Unlike the pilot test, in this experiment there were seven instances where Lewis structure was not
the most used representation, nor the second most used representation, or had a statistically
significant difference between it and the most used representation when it was the second most
used representation. This happened for questions 1, 5, 8, 10, and 13. Question 10 and 13 were
questions much could not be answered using only the Lewis structure. Of those questions 1, 5,
and 8 could be answered using only the Lewis structure. These can be seen in Appendix V, W,
X, and Y where the analysis for correct and incorrect for University A students and correct and

incorrect for University B students’ sets of time measurements can be found respectively.

Discussion of Full Experiment

Modifying the assessment items for the main experiment had little apparent effect as to
what representation participants primarily used. This observation was made despite the fact that
the newly added items were specifically designed to reward students for accessing

representations other than the Lewis structures. Students from both universities generally used
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Lewis structure for every question with the exception of question 13. Question 13 asked students
to correctly identify what molecule had the inconsistent representations requiring them to look
all representations for the molecule. Students may have been more confident in their ability to
identify inconsistences in Lewis structures than other representations. As a result, students spent
more time viewing other representations that were not the Lewis structure. Question 13, its

answers, and its representation images can be found in Appendix R.

The score on this assessment was, on average, lower than the pilot study. This seems to
be a result of two actions: removal questions what were too easy based on pilot study difficulty
indices and the addition of questions what required students to not solely rely on the Lewis
structure. This overall score result provides additional evidence that general chemistry students

struggle when they cannot use Lewis structures.

As for usability, both universities had participants who did not use the multiple
representation navigation. Ajax tracking action does not give enough data to figure out why this
occurred. One idea is that it is related to the method of administration. During the pilot study, test
administrators were in the general area while participants were using the VRA. In the full
experiment, participants could use the VRA at any time they chose, possibly creating an
environment where participants tried less. In order to find out, qualitative data would need to be

collected or the method of administration would need to be methodologically controlled.

SUS scores, since the usability test, declined in each study. Is it the administration of the
VRA in one-on-one environment vs. an environment where the test administer in the general
area vs. an environment where participants could use the VRA without structure a possible
reason? Is the increasing difficulty of the assessment a possible cause? Comments given by

participants at the end of the experiment do not give enough detail to prompt what might have
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caused the decline. Qualitative data, controlling for the method of administration, or better

understanding the relationship between total scores and SUS scores may help to answer this.

Summary

This chapter described a pilot study and full experiment, which used Ajax tracking and
other analysis to improve a web-based assessment. The results from pilot study suggested that
students in general chemistry courses primarily rely on Lewis structure for chemistry questions
when given the choice between multiple representations. When the Lewis structure was not the
most appropriate for a question, students often answered that question incorrect. This observation
suggests that general chemistry students may not be fluent in using representation beyond the
Lewis structure. These trends related to Lewis structures were further investigated in the full
experiment by modifying the assessment to have more items that could not be answered solely
through the use of Lewis structure. The changes resulted in an assessment that was harder than
the pilot version and further suggested the general chemistry students do not use a diverse

amount of representations beyond the Lewis structure.
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CHAPTER S

CONCLUSIONS

This chapter will summarize the results of this study in several ways. First, the research
questions presented in Chapter 1 are answered. Then, the implications for teaching general
chemistry are presented along with the limitations of the study. Finally, potential directions for

future research based on the results are provided.
Research Questions Answered
1. How is the usability of the VRA perceived by users?

Overall, users’ perception of the VRA’s usability was inconsistent over the two phases of the
study. During the initial usability test, despite several changes being made because the results of
interviews and Ajax action-tracking, users perceived the VRA as having high usability based on
the results of the SUS (Bangor et al., 2008; Brooke, 1996). The SUS scores for each iteration
was 90.3, 91.6, and 90.4, respectively. Many of the changes made tended to relate to users’
preferences completing their goal with one method over other. An example of this would be
users’ preference of the multiple representation navigation rather than the single representation
navigation since the multiple representation navigation allowed the user to change three

representations at once compared to one at a time.

During the second phase of the study, the VRA’s usability was not perceived as highly as in
the first phase. This is inferred because of a consistent drop in SUS scores dropped with each

administration of the VRA during the second phase. A SUS score of 78.2 was calculated for the
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pilot study while SUS scores of 74.7 and 66.3 were calculated respectively for the universities
that participated in the full experiment. In addition, Ajax action-tracking recorded a number of
participants not using the multiple representation navigation. The lower SUS scores and
individuals failing to use the multiple representation navigation suggested that a change between
the first phase and second phase maybe due to a drop in users’ perception of the VRA’s usability.
Alternatively, increasingly difficult assessment content may have influenced users’ perception if
they did not have clear distinction between the challenge of the overall assessment and its

usability.

2. What does the data produced by the VRA tell us about how general chemistry students

use representations?

The data produced by the VRA revealed that general chemistry students strongly favor using
the Lewis structure to answer chemistry questions. This observation can be seen even in
instances when the Lewis structure is not the most appropriate representation to use. The average
time measurements collected using Ajax action-tracking revealed that the Lewis structure was
always the most used representation or the second most used representation while not having a
significant difference with the most used representation except in few instances. The small
number of exceptions to this observation arise from seven times when the average time
measurements were analyzed for participants who answered items quickly or slowly in the full
experiment. In these cases, the Lewis structure was third, fourth, or fifth most used
representation, or it had a statistically significant difference with the most used representation
when it was the second most used representation. The Lewis structure seems to be the only

representation many general chemistry students are comfortable with using.
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When the difficulty for each question was calculated, items that required the use of
representations beyond solely the Lewis structure were never found to have a difficulty index
above 0.62. By contrast, questions that could be solely answered using only the Lewis structure
were capable of being 0.99 in difficulty. Thus, the evidence suggests that students tend to
correctly answer questions that could be solved using only the Lewis structure compared to

questions that required using representations beyond solely the Lewis structure.

Implications

There are three broad implications for instructors based on the results on this study. First,
the VRA’s interface could be a tool with which to deliver new and novel assessments. Currently,
the VRA is designed for general chemistry, but could be modified for other content areas, such
as higher level chemistry courses for which multiple visualization methods seem to be more

important.

Specifically related to general chemistry, it would be beneficial for instructors to know if
their students had possible difficulties using chemistry representations beyond the Lewis
structure. If instructors could use the VRA to know a difficulty was present in their classroom,
they could adjust what they teach. For example, and keeping in mind that the amount of time
classes have is limited, instructors could adjust their courses to diversify the number of

representations they teach in their classroom.

Lastly, this study seems to suggest that students, such as novices in chemistry, become
comfortable using one specific skill and then keeping using that skill for every similar situation

they encounter.
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Limitations

While this study used a novel technique to investigate general chemistry students’ use of

chemistry representations, its results should be interpreted with certain limitations in mind.

While the usability test was successful in refining the VRA’s interface, several
participants (6 from the pilot study and 15 from the full experiment) did not choose to use the
multiple representation navigation during their respective experiments. In addition, average SUS
scores ranged from 66.3 to 91.3 during the various phases of the study. This inconsistency could
be the result of several factors such as the different methods of administering the assessment
(e.g. one researcher with one student during the usability test versus one researcher with several
students during the pilot test versus no formal structure during the full experiment). For future

use with the VRA, this inconsistency should be addressed before proceeding.

Another limitation with the study is that this study only included students from two
Midwestern universities. The findings and results of the study are limited by those who were
involved. Diversifying the sample with general chemical students from other universities would

address with this limitation.

Future Research

One direction for future research could be to administer the VRA in a high stakes
environment instead of a low stakes environment. The data gathered in this fashion would be

more realistic since individuals’ effort would directly affect their respective course grades.

While this study did identify trends in how students use representations in general
chemistry, the reasons for why these trends occurs cannot be explained with the data collected

from the study. Qualitative measures, such as think alouds where participants talk about their

www.manaraa.com



74

actions (Virzi, Sorce, & Herbert, 1993), would help to explain why these trends appeared. With a
better understanding of why these trends occur, proper steps could be taken to address or change

what is causing them to happen if needed.

Another possible direction for research would be to administer the VRA to organic or
higher level chemistry students to see what patterns appear. Identifying patterns that are and are
not shared between general chemistry and higher level students, when using the VRA, could be

valuable in understanding how students transform their thinking the further they are in a

chemistry curriculum.
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APPENDIX B
IN-CLASS RECRUITMENT SIGNUP

Hi, my name is Jack Polifka, and | am a second semester Masters student in Human Computer
Interaction, and | work in the Department of Chemistry at lowa State University. My advisor is
Dr. Thomas Holme. My research study involves creating an online assessment and identifying
how students interact with the representations on the assessment. | am interested in having
people participate in a short 30 minute interview where you will: 1) take a short survey about
your chemistry experiences, 2) use the online tool, and 3) take a final survey intended to provide
feedback about the application. Your participation or non-participation has no influence on your
grade in this course. Willing participants will be offered a pizza party after the study, if they
wish. By volunteering, you will be helping us improve education in chemistry. Once | have
completed the interviews, | will destroy the name and email information below. For those
students who are interviewed, your identity will be known only to the interviewer. By signing
below, you indicate that you are at least 18 years old.
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E-mail address:
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APPENDIX C

FIRST VERSION INTERVIEW QUESTIONS

1. What did you like about the application and what would you keep?

2. What did you dislike about the application and what would you remove?

3. Is there anything you would improve about the application?

4. Were there any representations you felt you used more than others?

5. Were there any representations you felt you used the least?

6. Was it hard to change images?

7. Was the size of the image big enough?

8. If you were given a chemistry exam in this format would you like it? Would you think it

would be fair?

www.manharaa.com




85

APPENDIX D

SECOND VERSION INTERVIEW QUESTIONS
1. What did you like about the application and what would you keep?
2. What did you dislike about the application and what would you remove?
3. Is there anything you would improve about the application?
4. Does the layout of the application help you?
5. Did you know you could select answers two different ways?
6. Was the tutorial page of any help to you?

7. If you were given a chemistry exam in this format would you like it? Would you think it

would be fair?
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APPENDIX E

THIRD VERSION INTERVIEW QUESTIONS

1. What did you like about the application and what would you keep?

2. What did you dislike about the application and what would you remove?

3. Is there anything you would improve about the application?

4. Was selecting your answers easy or hard? What made it easy or hard?

5. On the right hand side, there are 5 green boxes with labels, what were those things?

6. Was the tutorial page of any help to you?

7. If you were given a chemistry exam in this format would you like it? Would you think it

would be fair?
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APPENDIX F

EXAMPLE OF RECORDED INTERVIEW FROM FIRST VERSION

Jack: "Ok. So my first question is what did you like about the application and what would you
keep?"

Participant: "I just like being to switch between the different ways to look at different molecules
just because depending the problem you want to see different parts of the atom. So I liked being
to switch between them all."”

Jack: "Could you give me an example?"

Participant: "Umm there was one where it wanted to look at the shape of the molecule, so
looking at the chemical formula was going to be helpful but the ball-and-stick method was
extremely helpful.”

Jack: "Was there anything you liked and you would keep?"

Participant: "Well that was... there were times where different representations of the molecule
weren't necessary, so maybe if there was a way to get rid of some of them so people are
confusing themselves with each ones they need. I think that's probably complex for a program
but having all five options every time might too much for some people, but part of it is knowing
which representation to use."

Jack: "Did you think ever having, do you think having all of the representations would confuse
someone in how it is setup? Cause it's set up so you only have three molecules at a time and
three pictures.”

Participant: "It shouldn't be too much of an issue as long as the questions are multiple choice like
that. If they weren't, I see how it would really apply and as long as people know what
representations are. If someone goes in not knowing what ball and stick represents, it will be
confusing to them. They'll be like what am I looking? Especially that electrostatic one, if people
have never seen those before then that could be confusing. Otherwise it was fairly simple to use
as long as you know what the representations were."

Jack: "Ok. Umm was there anything you didn't like about the application and that you would
remove?”

Participant: "Umm just the layout of the different atoms. They were in like a triangle. A, B, C.
But then the options were linear. A, B, C. So there were a couple times we was started with
clicking B, but I meant C and so on. So if there's a way to stack them linearly or move the....
options you click to represent that better that would help."

Jack: "You think having Umm a consistent between the options and the images would help?"

Participant: "That would be more helpful then it was. Obviously you just need to read it to click
the right button you want. But if you're not thinking about you might click the wrong one if

www.manaraa.com



88

you're just to click through buttons. So that would be the only thing I would change about it that
| saw while using it."

Jack: "Umm that answers my third question | was going to ask. What would you improve about
the application? You would improve the layout and how the answer line up with the
representations or the pictures. Would there by anything you would improve?*

Participant: "I thought it was really easy to use. It was nice to just click on whatever
representation you wanted. | thought it was a really good program.”

Jack: "Cool. Umm what representations did you think you used the most?"

Participant: "I definitely used the ball and stick when it was talking about shapes. | used the
electrostatic potential one when it was talking about electronegativity or when has the negative
potential."

Jack: "Why?"

Participant: "Because... well going into it, | assumed it was going to show me where the negative
charges were going to be and positive charges being blue. Umm never having used those before,
| probably could have gotten those wrong but it looked like... I kind of used context clues to
figure that one out.”

Jack: "Wait, wait. Can you explain the colors? You said blue was positive charge?"
Participant: "Yes."
Jack: "Ok. And what were the other colors?"

Participant: "Red would be the more negative charge. Umm because of the way | looked at it the
first time."”

Jack: "So blue is more positive and the red areas are more negative?"
Participant: "Yes."
Jack: "Ok. Ok. Cool. Umm were there any, what representations did you use the least?"

Participant: "Umm probably just the chemical formulas themselves. They're nice to know what
atom was talking, using however it necessarily show me too much about the atom. So I spend a
lot of time on the ball-and-sticks and then occasionally the wedges... Umm then 1 liked the way
the electrostatic looked even I didn't necessarily know how | was using them so."

Jack: "Ok. Umm ever the images big enough in the application?"
Participant: "Yea."
Jack: "Did you know there was a zoom option?"

Participant: "I saw the zoom option. | didn't use it. I didn't think it, | was able to see them just
fine."
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Jack: "Can you think of any instance when you would use or when you would need it?"

Participant: "The only time I think | would want to use a zoom option is when I could change the
orientation of the picture to look at it from the back or something.”

Jack: "Ok."

Participant: "If you're just zooming in, I think that just draws away from entire molecule."
Jack: "Ok. Umm was changing representations easy?"

Participant: "Changing was easy. You just had to click different buttons."

Jack: "So you always change them all at once?"

Participant: "As in ... what are you trying?"

Jack: "So, so there's an option to change them all at once and there's an option to change one
molecule at a time."

Participant: "O. I didn't know that. I just changed them all at once."

Jack: "Ok. Would you... why is that? Why did you change them all at once? Because you
couldn't find, you didn't know about the single?"

Participant: "I didn't know you change them single. But | would probably still change them all at
the same time so | see what they all look like. For example if I hit the electrostatic ones for two
of them and ball and stick for the 3rd, | wouldn't have known about the shape for the electrostatic
ones."

Jack: "So would it be correct to say you did it for comparison reasons?"
Participant: "Yea."

Jack: "Ok. So there would there were be an instance you would want to change just one molecule
at a time.”

Participant: "Umm if | had narrowed down between two of the options and | just wanted to see
differences between the two going from like a ball and stick to the chemical formula maybe.
Seeing which atoms specially hover, it's still going to be a comparison between two of them, so |
would probably not use that option as much as | would change all three of them."

Jack: "Ok. Cool. Umm then my last question is if you were given a test or exam in chemistry in
this format, would you like it? Would you think it's fair?"

Participant: "Umm yea. | thought... the questions were easier to answer being able to look at the
all of the different representations for the molecule. If he would ask questions like that without
showing the molecules on test. They would only give us one and except us to know how to do
that rest. Taking a test with the program could only be helpful cause, it would show you different
representations of each molecule. I don't see how that would hurt your chances on being well on
it."
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Jack: "Ok. Cool. What other questions become harder and they required you to look at multiple
representations? Like you couldn't just get the answer from one, you had to like get it from two."

Participant: "Well then, definitely I think using the program would be much better because then
you can switch between two and look at both and if it was just a paper test and they just printed
off the one picture. Even if they print two, it's the same kind of idea. That thing that is hard is
that you have to know which to use for which question.”

Jack: "Ok. Cool. That's all I have. Do you have any addition comments or feedback?"
Participant: "Not that | can think of."

Jack: "Awesome. Thank you."
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APPENDIX G

EXAMPLE OF RECORDED INTERVIEW FROM SECOND VERSION

Jack: “Cool, so my first question is... what did you like about the application and what would
you keep?”

Participant: “Umm... it’s very easy to use and you could switch between each of the different
categories from like Lewis structure to the electrical field. That really helped out with solving the
other problems.”

Jack: “Was there anything you would keep or that you liked and would keep?”

Participant: “Umm honestly I think the whole system. It ran smoothly. | didn’t have any
problems with how, how the system was really easy to understand. | picked it up right away, so |
thought it would be very simple for anyone to use.”

Jack: “Was there anything you dislike about the application and you would remove?”
Participant: “Umm... not necessarily. No.”
Jack: “Is there anything you would improve upon in the application?”

Participant: “l don’t know if it was just the, how the test was setup or if it was randomly
generated but a lot of my answers right at the beginning were probably, | see first ones were all C
but otherwise.”

Jack: “Ok. Ok. Umm how was the layout of the application? How was the layout of the
molecules in the application, side by side in that straight line?”

Participant: “Side by side, it was Umm it wasn’t that bad to pick them a part. Umm... with the
answers though I guess like the A, B, and C up top, so times | had to go back and check but to
figure out, check which offset.”

Jack: “They were offset, so like... | have an idea what you mean. They weren’t exactly lined up
so like the top answers where the random buttons were A, B, and C and these were kind of offset
by the answer. Umm would you line those up if you could?”

Participant: “Yea. | mean | picked it up and it wasn’t the hard for me but it wasn’t that hard to
distinguish but I don’t know if in the future a different student if you know what they might get
confused.”

Jack: “Ok. Do you think any other shape for the layout would umm help?

Participant: “Umm if you have more... let’s say between just A, B, and C and let’s say you have
A through E maybe if you did horizontal that might save. | don’t know but necessarily save
space but make it easier for them to keep track.”

Jack: “Ok. Umm did you know you could select your answers two different ways?”
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Participant: “No, I do not.”

Jack: “So you can click the radio buttons which I’'m assuming which you did.”
Participant: “Yea.”

Jack: “And then you can click on the image and that will select the radio button for you.”
Participant: “I didn’t know that. That would work it...”

Jack: “Would that have made it easy for you if you would have known that?”

Participant: “I don’t know if it would have made it easier but it would have made it... it be
giving us less of a chance of making a mistake on choosing the hard answer | guess. If that
makes sense.”

Jack: “Can you explain? What would make you make you less likely to choose a hard with that

way?”
Participant: “Less likely by clicking the picture.”
Jack: “Yea.”

Participant: “Clicking on the picture would make it less likely because like, if you on a hand
written test and you write down B and you meant A. It’s kind of like that, so instead of hitting,
clicking in the buttons up top instead of hitting the B, you want A. You could click on the picture
which you know is what you want and that make sure what you want.”

Jack: “O. So... there’s a stronger distinction ...”
Participant: “Stronger distinction. Yup.”
Jack: “Ok. Ok. That’s my word choice. Umm... how would you put it?”

Participant: “Umm... it make it less, less of a change of making a mistake by giving the wrong
answer but knowing... You can have the confidence that you’re choosing the once you want to
put in and you want to submit your own answer.”

Jack: “Umm was the tutorial page helpful to you?”
Participant: “Yea. Yea.”

Jack: “Was it?”

Participant: “What do you mean the tutorial page?”

Jack: “For the tutorial page, it’s just a static image that says that this layout displays the
functionality or something to those words of the test. If you want to continue, click this
hyperlink.”

Participant: “Yea. That’s how I figured out how to switch thorough all of the different layouts.”

Jack: “But didn’t, so then the ways for selecting answers was on there t00.”
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Participant: “l was of just skipped over that then.”

Jack: “Ok. Ok. Umm is there anything that would help that tutorial page to get that idea of being
able to select answers another way a crossed?”

Participant: “If you say that, if explains how you can choose two different ways and that’s on
there, then no. | would say it’s good. | would say that | should probably read through the
instructions before.”

Jack: “No, don’t assume that it was your fault, because like tutorial pages are meant to be read
but people still don’t read them most of the time. At least I think. Umm... ok. If you were given a
test or an exam in this format for chemistry, would you think it’s fair to you umm and would you
like it?”

Participant: “I love this. If this is how we took our last couple of tests, it would, well I hope, I
know it would improve our grade because | would be able to switch through with, especially
with the Lewis structure. | haven’t really gotten to the circle.... I don’t how to put descriptions
for each of the molecules. It would help me answer the questions more knowing more of the
background of the molecule, so | think it would definitely make testing a lot easier.”

Jack: “Ok. Cool. Do you have any more comments? Ok.”
Participant: “I just wish I could may use this again in the future.”

Jack: “Alright. Cool.”
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APPENDIX H

EXAMPLE OF RECORDED INTERVIEW FROM THIRD VERSION

Jack: "Cool. So my first question is what did you like about the application and what would you
keep?"

Participant: "I definitely liked the different options of viewing the different problems for sure. To
look at each problem in a different way is helpful. Specially looking here at all five different
representations of the problem was, it allowed you to answer the problem differently if you saw
it in a different way, so I like that.”

Jack: "Do you think people see problems in different ways?"

Participant: "Absolutely, I think people do. I think some people would be more like visual with
Lewis-dot diagrams or just the chemical formula will allow people to know the answer right
away or looking at the electro...."”

Jack: "Static."

Participant: "Static Potential Map will definitely get a way a lot of answers, so definitely
different people see different ways."

Jack: "Ok. Umm was there anything else you liked about the application and that you would you
keep?"

Participant: "It was easy. It was very easy. You don't need any help figuring it out. Umm | wish
myself | would have spent a little bit more time on a question or two and | would of gotten more
right but Umm yea definitely very easy. I like it."

Jack: "Ok. What made it easy?"

Participant: "Umm the flow. It was just easy to click all five Umm options were on the side, left-
hand side. You just click and maneuver each through and different pictures would pop up and
show you the different ways the problem can be solved by looking at it. Umm it was very
simplistic.”

Jack: "Was there anything else that made it easy to use besides pressing the buttons?"

Participant: "Umm the visuals were great. Umm they were clear, clear cut. Umm besides that no.
It was easy flow and the visuals were very clear."

Jack: "Umm was there anything about the application you didn't like and that you would
remove?"

Participant: "Umm looking back at it. I don't think of anything | could add or take away. No, |
think it was, like | said, very well thought out."

Jack: "You just said you wouldn't add or remove anything, Umm but would there anything you
would improve on or change in the application?"

www.manaraa.com



95

Participant: "Umm let me think. (Pause) | don't think I... I wouldn't add anything or change
anything. | think that it was, I can't change it myself at least. No, I didn't see anything I could
change."”

Jack: "Well, pretend you can do anything. Because we aren't talking within your abilities.”

Participant: "Ok. Umm. I don't know. | mean color schemes maybe to give more people. |
wouldn't... looking back at it, the diagrams were perfect. | wouldn't change the diagrams at all.
They represented that they needed to. The questions were just basic chemistry questions that
people should know. Umm | don't know. | don't think | could change anything honestly."

Jack: "Ok."

Participant: "Well having the.... five different options on the side to click was in the perfect
position and very close to the problem. You didn't to go looking for it. Umm maybe the one
thing I didn't have a problem with. At the beginning was realizing that | could change to different
views."

Jack: "Ok."

Participant: "Maybe having a statement saying, you know, there are options on the side to
change. At first, | read the question and | answered it based on just using that very first picture it
give me. | didn't initially realize that there were other options. I know that's what we would be
doing but it didn't click right away. | had to go through the first problem and then "O" realize
here are the options. | guess | would say let the user know by a statement, a small statement, on
the top that those are the different the different options he or she click through. That is one thing
| would change."

Jack: "Would you do that? Would you just put something plainly that says that all the time or
would you just give a quick remainder?"

Participant: "Maybe something as simple as a quick remainder on each slide. Or maybe on the
initial quiz, or after the quiz. Have a slide between the quiz and the post quiz and the test.
Something between saying this is what you'll be doing. There will be options on the side able to
change the different views of the problems or something like that. So kind of initial statement or
be something simple on each slide to remind them."

Jack: "What if | told you that was already there?"

Participant: "Umm | mean. Myself. | forgot initial that would be there on the side. | mean um,
the user would probably forgot, or you can't assume every user would know or would remember.
You know some people are definitely use visuals vs hearing it but they need to see each to be
reminded. Umm for me, I'm definitely a visual. Someone can tell me something. A lots going on.
Things go outside my head. I should just completely forgot something that someone told me and
| would need to be reminded by some visual."

Jack: "Ok. Between thee, the pre-survey and the quiz itself, there's a tutorial page where thee..."

Participant: "It shows you what."
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Jack: "Yea, it... there's like a little blurb on the top and fades in the question for the thing and
then asks you to change the representation and then select an answer."

Participant: "I guess | jumped and I didn't see it guess. Yea."
Jack: "Ok. Umm would you do...."

Participant: "Then I guess that initial... | didn't actually, when | got to the test, I realized I could
change, but when I first saw the quiz I didn't read that up on the top. I just answered the question
based on that first diagram. But as soon, that was, like an example the test would look like. |
didn't realize that there. But once, | got to the test, | did. So | guess | didn't realize initially which
is you're supposed to figure out then."

Jack: "How would you help Umm how could I have helped you known that was a test question
tutorial thing?"

Participant: "It said it. So I did read it and it said it was a preview of what the test would look
like. Maybe... make that page Umm look a little bit different from the test so it's more
distinguishable. Because | thought we jumped straight into the test. But then | did read that was
preview of what the test question would look like and the test question looked exactly like the
same format. So maybe some sort of different format for the pretest would allow someone to
that's completely different, even though it's a same type of question. They would be asked the
same. Just a little bit different. Maybe that would have helped me. That's all I got™

Jack: "Ok. Umm was selecting your answers easy or hard?"
Participant: "Absolutely easy."
Jack: "Why?"

Participant: "It was very clear cut. | mean I had three different options for each problem. All |
had to do was click the little dot for multiple choice. It was very easy. Then | all | had to do was
submit."

Jack: "Ok. Umm you already said this bunch, but I just want to ask for more information. Umm
there are five boxes on the right hand side. They are green. They have labels. Don't tell me what
the labels are. What are those boxes?"

Participant: "What were those boxes?"

Jack: "Yea, those five things on the right, left-hand side. Excuse me that were green."
Participant: "The different options for representing the problem."

Jack: "And what were those used for?"

Participant: "They were used for giving you different visual look at what the problem was asking
for. Or the problem would ask you a question and umm typically it would present a formula or
different representation of what you need to know to answer that problem. I mean each question
included a formula, chemical formula, and a different way of representing that formula. Different
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visuals... | guess. Does that answer?"

Jack: "Yea. Umm how did you know they would give you a different representation?"

Participant: "By the name. Umm I've seen the names in the past. I’ve two different chemistry
courses here before in high school. Umm so | had worked. I've worked with every map that they
give the option with but the commonly didn't work with the... | worked with Lewis-dot structures
a lot, just the plain chemical formula, and the dot and ... | didn't actually call it that, but yes those
three were the most. I didn't really work with these two. Four and five. Very much. | have seen
them definitely a lot but we did more work with one, two, and three.”

Jack: "Ok, so because you know of those representations you know you selected those boxes..."
Participant: "I knew what it would look like."

Jack: "You knew what it would like. Did you know that when you hit them or something that
they would change those?"

Participant: "Not initially no. | supposed though during the pre-quiz, clicking the button with the
name would change the form."”

Jack: "What made you suppose that?"

Participant: "Umm when you first bring up the question, you see a representation of Umm the
question at hand and | saw the different names and I saw the name that it was representing
currently. The one that first popped up and I assumed that I if clicked another button it would
change to that form so the current form was of the one of the ones listed in the five. So that's how
| knew."

Jack: "Ok. Umm and | had really asked. Was the tutorial page helpful? But you said you would
change it to look like something else."

Participant: "Yea, | mean Umm | think would just because it distinguishable the actual pre-quiz
from the actual quiz. | mean the overall idea is to make it look similar because that's what it's
going, you're going to be representing is the real quiz but umm maybe somehow make it a little
bit distinguishable from the actual quiz so people know that the actual tutorial or way to
understand what you will giving them."

Jack: "Umm would you, if you were given a test, exam, quiz, whatever in chemistry in this
format would you think it would be fair? Would you like it?"

Participant: "Personally, 1 would like it. Umm it would help me answer the problem easier.
Umm"

Jack: "From your point of view, not the teachers. I'm jumping the gun here."”
Participant: "For the teachers, Umm."

Jack: "Don’t worry about the teachers.”
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Participant: "Ok. I would. Definitely, from my point of view, definitely would help me. It would,
| could. For some of the questions I looked at, if it give me #4 form, | haven't worked with them
very much. I don’t know how to correctly answer with that form. I had to switch it to number
one form, the chemical formula, to answer it. Or umm looking at number two, the form. So
definitely having every option helped me answered the question. That's in my point of view. In
teacher's point of view,"

Jack: "Don’t worry about the teachers' point of view. Umm that's all | have. Did you have any
Umm other comments that you think that would help me?"

Participant: "Umm besides what | said. No. | think overall was really great. | actually liked
looking at it differently like that and it helped answering the chemistry questions."
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APPENDIX |

CONSENT FORM GIVEN TO PARTICIPANTS FOR USABILITY TEST

Informed Consent Document

Title of Study: Electronic Delivery of Scaffolded Visualization Tutorials and Assessments in
Chemistry
Participants: Principle Investigator: Thomas Holme, PhD

INTRODUCTION

The main purpose of this study is to develop tools for on-line learning of molecular level details
about chemical systems. The types of chemistry content included in this study usually span
multiple course levels in the undergraduate chemistry curriculum. To accomplish this task, the
on-line tools, referred to as "digital learning objects™ (DLOs) will attempt to scaffold the manner
in which you interact with the information present. The current phase of the project is designed
to investigate how students interact with the DLO and how the design of the DLO affects those
interactions. The findings of this stage of the project will inform the refinement of these learning
tools for visualizing chemical representations.

DESCRIPTION OF PROCEDURES

This study will last for approximately 30 minutes.
During the study you may expect the following study procedures to be followed.

1) The researchers will contact prospective participants to schedule a study time and will send
the Informed Consent Document to allow prior review.

2) On the selected date of the test study, you will be given a copy of the Informed Consent
Document for review and to sign prior to the start of the session. If you agree, and sign the
Informed Consent Document the session will begin.

3) Information regarding the project will be read and explained to you before session begins.

4) The study will begin with a set of still images from a range of possible chemical and
biochemical structure depictions. Accompanying each image there will be a question that asks
you to identify a trait or a property associated with the molecule depicted. You will also be video
recorded to match your spoken words to the images on the screen.

5) The next step will be to work with the live DLO. You will have an open browser on the screen to
use and below it will be an additional window with a question for you to consider. Voice recording
will take place during this phase of the study. Your actions to use the DLO, such as the links you
click on, will also be recorded.

7) You will fill out a brief survey.
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RISKS

There are no foreseeable risks in this study. Participants may leave the study at any time without
penalty.

BENEFITS

Participants will receive limited direct benefits from this study. Because the topic of these new
DLOs is related to course work they may be currently taking or taking in the future, participation
in the study may result in a better understanding of the science related to multiple types of
chemical representations. However, the data gained from this usability study can be expected to
significantly improve the design of the DLOs and thereby result in benefits for many students
who use the DLO later, after it has been revised.

COSTS AND COMPENSATION

You will not have any costs from participating in this study. Participants who wish, may have
light food or soft drink refreshments provided by the researchers after the interview.

PARTICIPANT RIGHTS

Your participation in this study is completely voluntary and you may refuse to participate or
leave the study at any time. If you decide to not participate in the study or leave the study early,
it will not result in any penalty or loss of benefits to which you are otherwise entitled. During the
testing, if you feel uncomfortable at anytime you can quit.

CONFIDENTIALITY

Records identifying participants will be kept confidential to the extent permitted by applicable
laws and regulations and will not be made publicly available. However, federal government
regulatory agencies and the Institutional Review Board (a committee that reviews and approves
human subject research studies) and representatives from the National Science Foundation (who
funded the study) may inspect and/or copy your records for quality assurance and data analysis.
These records may contain private information.

To ensure confidentiality to the extent permitted by law, the following measures will be taken.
Only the researchers will have access to the data. The data will be entered and kept in password-
protected computer files located on the researchers’ computers. Any questionnaires used will be
shredded after all the information is entered into the computer. The participants will be identified
by a sequential number that will not be traceable to them.

QUESTIONS OR PROBLEMS

You are encouraged to ask questions at any time during this study. For further information about
the study contact Jack Polifka (jpolifka@iastate.edu) or Thomas Holme (taholme@iastate.edu).
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If you have any questions about the rights of research subjects or research-related injury, please
contact IRB Administrator, (515) 294-4566, IRB@iastate.edu, or Director, Office for
Responsible Research, (515) 294-3115, 1138 Pearson Hall, Ames, 1A 50011.

KEAEAAIAIAAAAAIAIAAAEAAIAEAAIAEIAAAIAAAAAAAAAIAAAAAAAAAAAAAAAAAAAAAAAAkrrAhkhdrhhhhhihihihiihkiiikkh

SUBJECT SIGNATURE

Your signature indicates that you voluntarily agree to participate in this study, that the study has
been explained to you, that you have been given the time to read the document and that your
questions have been satisfactorily answered.

Subject’s Name (printed)

(Subject’s Signature) (Date)
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APPENDIX J

NEEDS ASSESSMENT SURVEY VRA QUESTIONS

At this time, the ACS Exams Institute is developing a classroom assessment that can

assess students’ understandings of various representations using an online platform.
Students can toggle through different representations in order to answer the question
An example in which a student is clicking between two representations is shown belo

Which molecule is least likely to participate in hydrogen bonding?

Change
lmagu T

Option A Option B Option C

=000

Which molecule is least likely to participate in hydrogen bonding?

Option B Option C
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The following include a few different types of representations that are sometimes used in chemistry textbooks to depict compounds and molecules.

. I
HY cl
™ vy
(1) 2 3) (C)) Q)

19. How often do you use these representations on your course exams?

Never Rarely Occasionally Frequently

(1) O O
@ O O
@) O O
@ O O
) O O

20. Please indicate your level of interest.

O0000O
O0000O

Somewhat
Not Interested Interested Very Interested
Interested

To what extent would you be interested in using an assessment like the O O O O

one shown?

21. Do you helieve that allowing students to navigate among different representations of
molecules in the manner shown ahove helps or hurts the assessment of their chemistry
knowledge?

O Helps
O Hurts
O Neither
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APPENDIX K

QUESTIONS, ANSWER CHOICES AND REPRESENTATION IMAGES FOR PILOT
STUDY

Question 1.)

Which molecule contains the strongest bond?

Change
Images To

Option A © Option B © Option C ©

Submit

www.manharaa.com



105

Question 2.)

Which molecule is least likely to participate in hydrogen bonding?
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Question 3.)

Which molecule is non-linear?

Option A © Option B ©
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Question 4.)

Which molecule has a tetrahedral shape?
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Question 5.)

Which molecule is organic by definition?

Option A © Option B © Option C ©
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Question 6.)

Which molecule contains a triple bond?
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Question 7.)

Which is the most polar molecule?
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Question 8.)

Which molecule is the most soluble in water?
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Question 9.)
Which molecule has the unknown halogen with the largest partially negative
charge?
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Question 10.)

Which molecule contains the atom with the highest electronegativity?
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Question 11.)

Which molecule has the largest halogen atom?
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APPENDIX L

PAPER ALTERNATIVE FOR PILOT STUDY

Diagnostic Test Jan, 23, 2015

Name:

Circle the answer which best answers the question. Images for each molecule are givenon
another sheet of paper.

1.) Which molecule contains the strongest bond?

H20 CO2 HCN
2.) Which molecule is least likely to participate in hydrogen bonding?

NH3 CH4 H20

3.) Which molecule is non-linear?

H20 CO2 HCN

4.) Which molecule has a tetrahedral shape?

NH3 H20 CH4

5.) Which molecule is organic by definition?

NH3 H20 CH30H

6.) Which molecule contains a triple bond?

H20 CO2 HCN

7.) Which is the most polar molecule?

CO2 CH30H CCl4
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8.) Which molecule is the most soluble in water?

CO2 CH30H CCl4

9.) Which molecule has the largest (by size) partially negative charged atom?

CH3ClI CH3Br CHa3l

10.) Which molecule contains the atom with the highest electronegativity?

CH3ClI CH3Br CHa3l
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APPENDIX M
PAPER VERSION OF THE CONSENT FORM FOR PILOT STUDY
Consent Form

Thank you for taking the time to work with the beta-test of a new tutorial and assessment system
about visualizing chemistry representations and participate in this research study. This initial
page will be used to outline the rationale for this study. Please take your time in deciding if you
would like to participate, and feel free to contact the researchers with any questions at any time.

Introduction

The purpose of this study is to conduct a thorough investigation into how on-line tools can be
constructed to help students visualize different representations in chemistry. These specific tools
are designed to give you the option to look at different aspects of molecules so that you can
choose visual representations that you already understand well, perhaps from your experience in
previous courses. Concepts in chemistry often influence understanding in other areas of science,
and often these concepts involve several layers of information about how molecules are
visualized. This on-line system uses Digital Learning Objects (DLOs) that are designed to build
educational materials that explicitly help students.

Description of procedures

If you agree to participate in this beta-testing component of this study, you will be asked to
answer guestions within a Digital Learning Object (DLO). The system will include the ability to
access visual information about molecules using different models of the molecules involved so
that you can explore the way the molecules are represented until you find the ways that most
help you answer the questions about the chemistry in the DLO. During the study you may expect
the following study procedures to be followed

National Beta Test of the System

1. You will first be provided with a brief description of the basic navigational
elements of the system.

2. From this point forward, each page will have a frame at the bottom that will
remind the you that you may stop at any time along with a link to allow you to
exit the system.

3. Once you feel comfortable with the navigational instructions, you will be able to
click on a link to start interacting with the DLOs on the site themselves.

4. You will be allowed to interact with the elements present in the site at your own
pace. The software will capture any navigational actions (links clicked, etc.) as
well as responses to questions that are part of the DLO.

www.manaraa.com



120

5. Feedback on the chemical accuracy of your responses will be provided during the
use of the DLO. Before the screen that provides the feedback (to tell you if you
answered a question right or wrong, for example), a text-box that will allow you
to provide, open-response, feedback about the DLO.

6. This process, with questions related to different components of the chemistry
content will continue for up to eleven questions.

7. When you complete the final DLO question, including receiving the feedback and
having the change to provide us with feedback about the system in a text-box, the
system will let you know that you reached the end of the beta-test.

8. You will have a chance to see a summary of their responses and you can check to
make sure the accurately reflect your impressions before you exit the system.

9. You will have a chance to fill out some basic demographic information that may
help us design better tools to help student, or improve the design of the current
tools.

Risks

There are no known physical, psychological, social, or medical risks associated with this
research. Any information you provide will be kept confidential, and if this work is to be
published, your name will not be used.

Benefits

If you decide to participate in this study there will be no direct benefit to you. Although, it is
hoped that the information you provide will help the American Chemical Society Exams Institute
create an assessment tool that is both valid and reliable and develop general chemistry exams
that reflect the types of representations used in a general chemistry course of the 21st century.

Costs and Compensation

You will not incur any costs from participating in this study. You may be receiving some form of
homework or extra credit from an instructor for participating in this project. If that is the case,
you will be requested to enter your email and your email address will only be used to report to
your instructor that you participated in this study. It will NOT be used as any kind of identifier,
and it will be discarded once your participation has been verified with your instructor.
Participant Rights

Your participation in this study is completely voluntary and you may refuse to participate or
leave the study at any time. If you decide to not participate in the study or leave the study early,

it will not result in any penalty or loss of benefits to which you are otherwise entitled.

Confidentiality
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Records identifying participants will be kept confidential to the extent permitted by applicable
laws and regulations and will not be made publicly available. However, auditing departments of
lowa State University, and the Institutional Review Board (a committee that reviews and
approves human subject research studies) and representatives from the National Science
Foundation (who funded the study) may inspect and/or copy your records for quality assurance
and data analysis. These records may contain private information.

To ensure confidentiality to the extent permitted by law, the following measures will be taken:
You will be asked to provide basic demographic information, but at no point during the duration
of this study will your name be associated with any input you provide. All data will be stored in a
password-protected file on a computer requiring administrative credentials in order to access. A
backup file requiring the same administrative credentials will be kept on an external hard drive
that will remain locked in a filing cabinet when not in use. These data will be kept indefinitely
for analysis. If the results are published, your identity will remain confidential.

Questions or problems
You are encouraged to ask questions at any time during this study.

For further information about the study, contact Jack Polifka by email at jpolifka@iastate.edu or
Thomas Holme by taholme@iastate.edu.

If you have any questions about the rights of research subjects or research-related injury, please
contact IRB Administrator, (515) 294-4566, IRB@iastate.edu, or Director, Office for
Responsible Research, (515) 294-3115, 1138 Pearson Hall, Ames, 1A 50011.

Participant Signature

Typing your name below indicates that you voluntarily agree to participate in this study, that the
study has been explained to you, that you have been given the time to read the document, and
that your questions have been satisfactorily answered. Please note, if you are being provided
some form of credit by your course instructor for participation, you must also provide your email
address for us to forward your participation to the instructor. Only your participation is to be
indicated, your individual answers will not be reported to your instructor. Your email will be
used only for verification of your participation. Your name and email will not be associated with
your responses in any data that is used in the analysis of student interaction with the DLOs of
this system.

The online form will ask for the following:
Signature: (If you wish to voluntarily participate in this study.)

Email address for reporting participation only:
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APPENDIX N

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - PILOT STUDY PARTICIPANTS WHO ANSWERED CORRECTLY

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 12 (26) 39 (47) 25 (43) 11 (21) 1.0 (1.9) 131 (85 <.0001¢ 0.0034 9
2 27 (48) 57 (7.3) 27 (55 11 (25) 1.0 (2.8) 183 (13.0) <.00019 <.0001 ¢
3 06 (14 21 (26) 14 (26) 16 (26) 05 (12) 95 (50)  <.0001¢ 0.3290
4 08 (1.8) 3.0 (48 20 (34) 24 (32) 09 (22) 125 (67) <.00019 > 9999
5 29 (44) 25 (35 15 (38) 08 (1.8 05 (1.4) 117 (7.1)  <.0001¢ > 9999
6 07 (1.7) 1.8 (18 10 (18 06 (1.8) 03 (09 7.8 (57)  <.00019 0.0014 9
7 13 (33) 34 (52) 32 (46) 14 (28) 26 (33) 155 (8.8) <.0001¢ > 9999
8 41 (74) 52 (63) 31(60) 18 (3.2) 20 (51) 20.1 (148) <.00019 0.0032 9
9 29 (42) 57 (80) 52 (6.6) 33 (59 7.9 (10.2) 31.6 (155) <.0001¢ 0.1000
10 47 (80) 61 (89) 47 (95 19 (6.2) 3.3 (5.0) 262 (18.9) <.0001°9 0.7400
11 28 (5.8) 39 (62) 15 (34) 18 (2.8) 24 (25 168 (9.3) <.00019 0.1800

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value
Most Used Representation, Second Most Used Representation
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APPENDIX O

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - PILOT STUDY PARTICIPANTS WHO ANSWERED INCORRECTLY

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test
p-value p-value f
1 23 (44) 48 (61) 30 (43) 16 (31) 21 (32) 169 (7.9)  0.0006¢ 0.7900
2 23 (41) 56 (58 28 (59 11 (22) 07 (1.3) 17.4 (11.4) <.0001°¢ 0.0020 9
3 16 (46) 60 (11.9) 33 (47) 11 (23) 04 (1.2) 156 (13.4) 0.0038¢ > 9999
4 38 (12.1) 6.2 (7.7) 16 (37) 25 (43) 05 (1.2) 17.9 (126) 0.0001 ¢ 0.1800
5 42 (44) 3.7 (54) 24 (43) 12 (1.9) 11 (21) 160 (83) <.0001°¢ > 9999
6
7 22 (39) 57 (7.6) 29 (43) 20 (29 26 (7.3) 186 (11.2) 0.0021¢ 0.2600
8 58 (6.2) 50 (59) 26 (50) 17 (27) 20 (42) 205 (11.6) <.0001°¢ > 9999
9 42 (55) 7.4 (109) 58 (65) 3.8 (54) 6.4 (9.7) 345 (17.6) <.0001¢ > 9999
10 36 (6.5) 4.2 (75) 36 (49) 17 (29 41 (3.7) 216 (121) <.00019 0.7000
11 38 (58) 59 (7.0) 22 (42) 17 (40) 08 (1.8) 180 (9.2) <.0001¢ > 9999

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value
Most Used Representation, Second Most Used Representation
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APPENDIX P

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - PILOT STUDY PARTICIPANTS WHO ANSWERED SLOW

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 20 3.7) 54 (59) 37 (51) 17 (27) 19 (26) 146 (84) <.00019 0.0427 9
2 35 (.2) 7.0 (7.8) 3.7 (66) 14 (27) 1.3 (2.8) 167 (10.0) <.00019 <.0001 9
3 09 (20) 30 (51) 23 (34) 22 (30) 07 (14 90 (6.0) <.0001¢ > 9999
4 14 (48) 40 (57) 2537 27 (36) 10 (24) 115 (7.3) <.0001°¢ 0.3270
5 37 (50) 33 (43) 21 (44) 11 (20) 09 (1L7) 111 (74) <.0001¢ > 9999
6 11 (21) 20 (22) 14 (1) 09 (23) 05 (1.0) 59 (30) <.0001¢ > 9999
7 23 (42) 52 (68 42 (53) 21 (33) 32 (54) 170 (89) <.0001¢ > 9999
8 65 (78) 62 (69) 3.8 (65 22 (34) 26 (5.6) 21.3 (13.8) <.0001¢ > 9999
9 49 (6.0) 106 (128) 82 (76) 6.0 (7.1) 101 (135) 39.8 (16.0) <.0001°¢ > 9999
10 53 (8.2) 6.6 (9.3) 56 (84) 23 (55) 4.4 (48 242 (151) <.00019 > 9999
11 39 (67) 58 (7.3) 22 (42) 21 (36) 23 (27 163 (85)  <.0001¢ 0.0398 9

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, 9 Significant p-value
Most Used Representation, Second Most Used Representation
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APPENDIX Q

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - PILOT STUDY PARTICIPANTS WHO ANSWERED FAST

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 05 (1.3) 21 (21) 09 (18 0.4 (1.3) 02 (09 42 (1.3) <.00019 0.0150 ¢
2 10 (21) 32 (30) 10 (22) 05 (14 03 (0.8 59 (16) <.0001¢ 0.0003 9
3 02 (09) 14 (16) 05 (L2) 08 (13 01 (06) 31 (09) <.0001¢ 0.0578
4 02 (0.8) 1.1 (1.6) 06 (14 12 (1.6) 0.2 (0.8) 32 (1..0) <.0001¢ > 9999
5 16 (L7) 10 (L5 02 (1.0) 03 (1.0) 01 (0.6) 33 (0.8)  <.00019 0.6325
6 02 (0.8) 1.5 (1.3) 04 (1.0) 02 (07 01 (05 24 (0.8) <.00019 > 9999
7 03 (1.0) 17 (28) 15 (24) 06 (1.5) 15 (2 56 (1.9) <.00019 > 9999
8 15 (23) 30 (31) 1.2 (23) 08 (15 07 (L7) 7.1 (22)  <.0001¢ 0.0157 9
9 27 (39) 36 (46) 33 (44) 16 (28) 46 (41) 158 (5.9) <.0001¢ 0.2790
10 13 (27) 18 (29) 08 (20) 07 (L9 22 (7)) 67 (24)  <.0001° > 9999
11 12 22) 14 (22) 07 (14 10 (1.8) 1519 58 (1.6) <.00019 > 9999

GZt

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, 9 Significant p-value
Most Used Representation, Second Most Used Representation
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APPENDIX R

QUESTIONS, ANSWER CHOICES AND REPRESENTATION IMAGES FOR FULL
EXPERIMENT

Question 1.)

Which molecule contains the strongest bond?

Change
Images To

Option A © Option B © Option C ©

Submit
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Question 2.)

Which molecule is least likely to participate in hydrogen bonding?

Change
Images To

Option A © Option B © Option C ©

Submit

Ho

O

NH

CHy
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Question 5.)

Which molecule is organic by definition?

Change
Images To

Option A © Option B © Option C ©

Submit
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Question 7.)

Which molecule is the most soluble in water?

Change
Images To

Option A © Option B © Option C ©
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Question 9.)
Which molecule has the unknown halogen with the largest partially negative
charge?
Images To
Option A © Option B © Option C o
Seclofind

H'.I'I

CHSX H—i—é@: :‘::C?_x ?“

.
CH3Y H—E—_‘{:

CH,Z H_i_;:
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Question 10.)

Which molecule contains the atom with the highest electronegativity?

Change
Images To

Option A © Option B © Option C ©

Submit

I
r"” I

CHSCI H—::—(:Z‘EI: \c'—CI

H H

| . Hy ¥
CHSBI’ H—G—gr: };_Er

H H

[
CHjl H—E—J; N
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Question 13.)

Which molecule contains an atom that has a trigonal pyramidal geometry?

Change

Images To
- Option A = Option B = Option C o
| o .

:(ﬁ:: :{?H
CHON(OH),  H—C—N:
QH

Ho N =EZ‘:I:

U |
CHOOBCI, H—g—g—q—-?
Cl

CHOOCI H-c—0o—cr
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Question 14.)

Which carbon based molecule contains the shortest bond?

Change
Images To

o

CXoY

CXoZ

Option A -
:SIE:

X —‘.'IJ—)(
:':'hg:
X—C—X
I
Iy
X—C —X
I
:Z:

Option B =

Option C =

1-‘0_:’":

=
\
{
>

W

/'X
\H

£

~_.
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Question 15.)

Which molecule is incorrect in some of its depictions?

Change
Images To

Option A & Option B & Option C &

i " F

PP 1 R
15 F
LR F

XeFs ;l'( ,ll‘
it F
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Question 16.)

Which molecule contains nitrogen?

Change

Images To
- Option A o Option B o Option C &
| 5. |

CHa'CHz)(Hz H—

H H

b ..
CH3CHzYHz H=§{—§—Y—H
H H H

CH3aCHzZH, H—
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APPENDIX S
UNIVERSITY A’S PRE-SURVEY RESULTS
Number of University A Students from Based on Whether They Had Previously Used Each

Representation Yes No
Chemical formula 188 3

Lewis structure 181 10
Dash-and-wedge model 141 50
Ball-and-stick model 151 40
Electrostatic potential map 59 132

Number of University A Students Based on When They had First Used Each
Representation

Representation Middle School High School College Other
Chemical formula 44 126 15 3
Lewis structure 16 126 39 0
Dash-and-wedge model 4 49 87 0
Ball-and-stick model 19 98 32 2
Electrostatic potential map 3 11 45 0

Frequency of Use of Each Representation Among Study University A Participants

Representation Never Rarely Occasionally  Frequently
Chemical formula 4 32 80 72
Lewis structure 8 35 91 47
Dash-and-wedge model 4 61 49 27
Ball-and-stick model 11 66 61 13
Electrostatic potential map 5 35 14 5
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APPENDIX T
UNIVERSITY B’S PRE-SURVEY RESULTS
Number of Students from University B Based on Whether They Had Previously Used Each

Representation Yes No
Chemical formula 113 3
Lewis structure 111 5
Dash-and-wedge model 38 78
Ball-and-stick model 9 22
Electrostatic potential map 17 99

Number of University B Students Based on When They had First Used Each
Representation

Representation Middle School High School College Other
Chemical formula 22 67 20 4
Lewis structure 13 74 24 0
Dash-and-wedge model 0 11 27 0
Ball-and-stick model 15 50 26 3
Electrostatic potential map 0 6 11 0

Frequency of Use of Each Representation Among Study University B Participants

Representation Never Rarely Occasionally  Frequently
Chemical formula 1 16 40 56
Lewis structure 4 35 59 13
Dash-and-wedge model 3 19 13 1
Ball-and-stick model 5 51 33 5
Electrostatic potential map 3 11 2 1
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APPENDIX U
EMAIL FOR POSSIBLE FULL EXPERIMENT PARTICIPANTS

Hi, my name is Jack Polifka, | am a Masters student in Human Computer Interaction, and work
in the Department of Chemistry at lowa State University. You're being sent this email to inform
you about an extra credit opportunity for your {Course name at University} class. For my
research study, I'm working with Dr. Thomas Holme and we developed an online assessment for
identifying how students use different visual representations in chemistry. The assessment will
take approximately 10 minutes of your time. You will receive 5 points of extra credit for
participating. Please try to answer the questions to the best of your ability. You will have until
{Date of last opportunity to use the VRA} to use the online assessment.

To access the online assessment, use the following:

Username: {Username to access VRA}
URL: {URL to access VRA}

Please use a non-mobile device to use the online assessment.

On the consent page, make sure to fill in the line about your email to
receive extra credit if you desire.

Thank you,
Jack Polifka

www.manaraa.com



APPENDIX V

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - UNIVERSITY A PARTICIPANTS WHO ANSWERED CORRECTLY

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon
p-value  Test p-value '
1 09 (22) 56 (164) 28 (7.2) 25 (175) 1.3 (49) 169 (283) <.0001¢ 0.0072 9
2 47 (87) 7.1 (11.1) 34 (5.8) 28 (106) 1.7 (3.3) 250 (17.9) <.0001°¢ 0.1949
5 55 (10.8) 4.1 (151) 17 (36) 1.0 (22) 08 (1.9 17.1 (20.0) <.00019 0.0901
gh 87 (158) 45 (6.9) 3.2 (46) 20 (51) 18 (41) 243 (21.1) <.0001¢ 0.3031
9 39 (5.9) 80 (129) 51 (89) 45 (10.1) 83 (151) 39.1 (32.4)  0.0006 > 9999
10 66 (121) 122 (189) 3.7 (140) 16 (5.1) 3.0 (7.6) 298 (24.4) <.0001¢ > 9999
13 3.1 (6.9) 17.4 (26.8) 11.4 (137) 85 (151) 2.3 (52) 49.8 (40.9) <.00019 > 9999
14 21 (29) 101 (9.4) 43 (44) 44 (42) 30 (62) 286 (154) <.0001¢ <.0001 ¢
15N 57 (9.1) 12.3 (186) 101 (17.1) 82 (19.9) 4.4 (87) 463 (56.9) <.00019 > 9999
16 9.4 (188) 155 (24.7) 53 (7.6) 56 (64) 45 (7.3) 449 (386) <.0001¢ 0.0869

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value, " Removed outliner(s)
Most Used Representation, Second Most Used Representation
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APPENDIX W

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - UNIVERSITY A PARTICIPANTS WHO ANSWERED INCORRECTLY

Question CFa LSP D&W ¢ B&S d EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 16 (26) 19 (31) 28 (42) 23 (31) 14 (30) 148 (10.3) 0.0589 > 9999
2 4.8 (11.6) 88 (160) 56 (86) 18 (52) 1.2 (2.6) 27.0 (22.3) <.0001 ¢ > 9999
5 62 (10.0) 3.3 (11.7) 29 (5.6) 15 (4.8 0.4 (09) 195 (16.1) <.0001 ¢ 0.1164
gh 9.0 (155) 48 (9.1) 23 (47) 26 (10.0) 15 (22) 28.0 (33.1) <.0001 ¢ 0.0188 ¢
9 46 (1.7) 74 (113) 36 (64) 3.1 (37) 52 (7.3) 322 (20.1) 0.0374 ¢ > 9999
10 49 (168) 35 (67) 16 (2.8) 13 (21) 43 (82) 213 (23.6) <.0001 ¢ > 9999
13 49 (15.2) 7.7 (10.3) 12.4 (17.8) 12.7 (235) 26 (7.3) 45.4 (38.4) <.0001 ¢ > 9999
14 18 (3.1) 101 (10.0) 29 (45) 1.4 (24) 17 (3.9) 224 (14.5) <.0001 ¢ <.0001 ¢
15N 59 (12.4) 236 (40.9) 57 (94) 33 (5.4) 2.7 (51) 463 (52.6) <.0001 ¢ <.00019
16 103 (15.6) 159 (21.9) 9.4 (17.0) 29 (55) 1.7 (48) 443 (36.8) <.0001 ¢ 0.2410

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value, " Removed outliner(s)
Most Used Representation, Second Most Used Representation
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APPENDIX X

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - UNIVERSITY B PARTICIPANTS WHO ANSWERED CORRECTLY

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value f
1 13 (33) 47 (11.1) 24 (55) 15 (28) 1.8 (34) 168 (18.0) 0.0006° 0.4539
2 70 (178) 6.7 (10.2) 29 (6.9) 23 (47) 13 (25 260 (227)  0.0010¢ > 9999
5 31 (49) 3382 19 (45 12 (24) 07 (1.0) 143 (116) <.00019 > 9999
gh 75 (127) 76 (146) 31 (49) 17 (27) 20 (41) 263 (20.3)  <.0001°¢ > 9999
9 27 (31) 38 (46) 3689 30 (1) 58 (52 281 (21.1) <.0001¢ > 9999
10h 77 (147) 152 (255) 22 (41) 15 (31) 3.0 (64) 362 (31.2) <.0001¢ > 9999
13 28 (54) 46 (7.0) 59 (72) 61 (61) 19 (38) 27.1 (182) <.0001¢ > 9999
14 19 22) 6.1 (7.7) 26 (34) 49 (44) 33 (42) 279 (234) <.00019 > 9999
15 76 (8.0) 124 (187) 43 (57) 41 (57) 43 (7.0) 373 (324)  0.0155°¢ > 9999
16 82 (9.7) 218 (30.1) 47 (48) 50 (54) 41 (47) 474 (351)  0.0006¢ 0.4539

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value, " Removed outliner
Most Used Representation, Second Most Used Representation
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APPENDIX'Y

MEAN, STANDARD DEVIATION, AND STATISTICAL ANALYSIS OF USED TIME IN SECONDS FOR ALL
REPRESENTATIONS FOR EACH QUESTION - UNIVERSITY B PARTICIPANTS WHO ANSWERED INCORRECTLY

Question CFa LSP D&W ¢ B&S ¢ EPM ¢ Total Friedman Pairwise
Time Test Wilcoxon Test

p-value p-value '
1 49 (10.2) 55 (134) 35 (69) 1.6 (28) 1.7 (36) 201 (22.2) 0.1352 > 9999
2 42 (82) 55 (82) 56 (180) 1.8 (500 0.7 (1.6) 225 (244)  <.0001¢ 0.2376
5 44 (87) 45 (137) 10 (L7) 08 (20) 07 (1.1) 169 (23.8)  0.00399 > 9999
gh 52 (71) 50 (7.6) 28 (6.6) 29 (9.4) 15 (29) 213 (17.3)  <.0001¢ > 9999
9 43 (53) 7.7 (88) 38 (61) 34 (49) 6.4 (12.8) 324 (245  0.0136¢ > 9999
10" 29 (38) 31 (60) 12 (19) 13 (21) 40 (41) 160 (102)  <.0001¢ 0.0412 ¢
13 32 (11.8) 85 (158) 7.3 (161) 7.3 (8.7) 27 (87) 429 (65.2)  <.0001¢ > 9999
14 27 (36) 68 (83 35(.1) 31(.0) 1.8 (33) 223 (153)  <.0001°¢ 0.0931
15 38 (5.6) 21.0 (30.7) 7.7 (160) 35 (7.6) 25 (56) 432 (38.6) <.00019 0.0018 9
16 84 (82) 205 (363) 50 (8.8 29 (44) 1.9 (32) 430 (40.0)  <.0001°¢ 0.0320 9

aCF: chemical formula, ® LS: Lewis structure, ¢ D&W: dash-and-wedge, ¢ B&S: ball-and-stick, ¢ EPM: electrostatic potential map,
fWith Bonferroni correction between most and second most used viewed representation, ¢ Significant p-value, " Removed outliner
Most Used Representation, Second Most Used Representation
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