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ABSTRACT

Introductory chemistry courses teach the process of drawing basic chemical molecules with the
use of Lewis dot diagrams. Many beginner students, however, have difficulty in mastering these
diagrams. While several computer applications are being developed to help students learn Lewis
dot diagrams, there is a potential hidden benefit from paper and pencil that many students may not
realize. The goal of this research is to begin identifying which paper-pencil techniques provide
educational benefits for learning Lewis dot diagrams. Sketch recognition has been used to iden-
tify advanced chemical diagrams, however using the recognition in an educational setting requires
focusing beyond identifying the final drawing. This study focuses on creating an effective appli-
cation that allows students to practice constructing Lewis Dot Diagrams with the same interaction
techniques (constructing, checking, and modifying) from pencil and paper, while also providing
users informational feedback during the drawing process. Two applications are compared to deter-
mine whether including paper-pencil techniques have any educational benefit when drawing Lewis
dot diagrams. An analysis of pre-post assessments show how combining sketch recognition of
paper-pencil techniques and immediate feedback allows greater benefits for students with a basic

chemistry understanding.
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1. INTRODUCTION

1.1 Lewis Dot Diagrams

Students who take introductory chemistry classes learn the importance of constructing Lewis
dot diagrams. Lewis dot diagrams are structures that show the bonding between atoms of a
molecule and the lone pairs of electrons that may exist in the molecule. While these structures
seem simple at first glance, they allow us to predict a multitude of molecular properties, and visu-
alize how the molecule is shaped [1]. Figure 1.1 shows an example of how to create the Lewis dot
diagram for a chlorine molecule using the electrons available for each atom. Chemical bonding
between atoms involve the transfer or sharing of electrons. This transfer or sharing is shown with
valence electrons, the outermost electrons of an atom’s electron shell. For Lewis dot diagrams,
the number of valence electrons for an individual atom is shown with dots that are drawn around
the atom. When atoms come together, they form bonds by sharing some of these electrons. These

bonds are shown as lines on the diagram [1].

G+ oGt —> e

Figure 1.1: The Lewis dot diagram of a chlorine molecule

Introductory chemistry courses teach how to construct Lewis dot diagrams; however, many

beginner students have difficulty in mastering them due to the increase in cognitive load that occurs



when they are introduced to the various concepts for different types of diagrams [2]. When the
steps for drawing the diagrams become too complex and meaningless, the underlying reason behind

drawing the diagrams to understand structural properties of molecules becomes forgotten [3].
1.2 Alternate Learning Methods

Several studies have focused on improving the way students learn Lewis dot diagrams. These
studies introduce alternate learning methods that can be used to grasp the concepts of drawing the

structures efficiently.
1.2.1 A Focus on Modification

A recently developed method for understanding Lewis dot diagrams teaches students the im-
portance of modifying parts of their diagram [4]. This new focus allows students to remove and
move electrons until the final answer is achieved. Similarly, hand held puzzles have also been cre-
ated to allow students to visualize changing the diagram until the correct molecule is created [5].
These new ideas are emphasizing the practice of editing the diagram, and how removing and mov-
ing parts of the molecule are necessary for the learning process in comparison to simply obtaining

the correct diagram at first try.
1.2.2 Computer Applications

Educators today are also exploring the use of computer applications in the classroom, and
recent research has involved creating applications for students to learn and practice Lewis dot
diagrams [6,7]. These applications allow users to create Lewis dot diagrams on a computer or
touch-screen device, while also receiving feedback on the accuracy of their answer. Students can
know immediately whether their answer is incorrect, as well as identify what parts of their diagram
are incorrect. The immediate feedback that students receive allow them to practice drawing their

diagrams more efficiently.



1.3 Chemistry Sketch Recognition

For subjects that involve hand-drawn diagrams, computer applications have implemented
sketch recognition to identify and interpret what the user has drawn [8]. Combining sketch recogni-
tion with educational applications can have a variety of uses, since many subjects require students
to draw diagrams or write out answers to problems. Recent research has also used the concept
of sketch recognition to identify and interpret hand-drawn chemical diagrams [9]. Recognizing
hand-drawn chemical diagrams is important for advanced chemists, however for educational set-
tings, learning how to draw chemical diagrams requires a different focus. Lewis dot structures are
used for teaching and learning how to draw chemical structures. Advanced chemists use shorthand
methods to avoid having to draw every single electron in their drawing. Very rarely will you see
professional drawings of chemical diagrams use Lewis dot structures. Beginner students, on the
other hand, are required to show electrons around each atom, as it reflects their understanding of
the molecular structure. Recognizing hand drawn chemical diagrams can be useful for students to
check their final answer; however helping students through the new modification methods would

require recognizing other techniques.
1.4 Potential Hidden Benefit of Paper Learning

Even though several studies have started to focus on developing computer applications to help
students learn Lewis dot diagrams, there is a potential hidden benefit from pencil and paper that
many students may not realize. When comparing the effects of online and paper homework, the
lack of practicing with handwriting has been shown to contribute to lower scores on exams that test
the drawing of complex molecules [10]. While online homework has a clear benefit of providing
immediate feedback to users, combining online homework with paper-pencil learning is believed to
maximize the learning benefits. As handwriting is found to contribute to motor memory, practicing

the action of drawing molecules is important for students to learn Lewis dot diagrams.



1.5 Proposed Work

New methods emphasize the process of constructing, checking, and modifying the structures
as more productive for students to learn [11]. This new conceptualization of drawing Lewis Dot
Diagrams uses the idea of modification and can be practiced on paper by scratching out and mov-
ing parts of the diagram. However, just using this method on paper alone does not provide students
with the benefits of immediate feedback. Rather than comparing the final drawing to the correct
solution, this study focuses on whether we can create an effective application that allows students
to practice constructing Lewis Dot Diagrams with the same interaction techniques (constructing,
checking, and modifying) from pencil and paper, while also providing users informational feed-
back during the drawing process.

The process of constructing, checking and modifying the structures is important for students to
learn Lewis Dot Diagrams. This may include erasing or moving parts of the molecule. Beginner
students learn the logic behind the process and count electrons as they draw to check their work.
When they realize that part of their diagram has an incorrect number of electrons or bonds, they
can scratch out and move components, or add missing parts until they reach the correct number.
Using sketch recognition, an application for practicing Lewis Dot Diagrams can be implemented
such that students are able to use these interaction techniques from paper and pencil. These paper-
pencil techniques include drawing lines and dots to add electrons and bonds, circling parts of the
diagram to move around electrons or bonds, and scratching out sections to erase electrons or bonds.
This study will investigate whether using an application that integrates paper-pencil techniques and
immediate feedback results in a stronger ability to draw accurate Lewis Dot Diagrams compared
to using an application without paper-pencil techniques. When comparing students who use the

different types of applications, this study addresses the following questions:

1. Overall Improvement Will students that use the application with both paper-pencil tech-
niques and immediate feedback experience a greater overall improvement in pre and post

quiz scores?



2. Molecule Type Improvement Will students that use the application with both paper-pencil

techniques and immediate feedback perform better on molecules that use multiple bonds?

3. Non-App Molecule Improvement Will students that use the application with both paper-
pencil techniques and immediate feedback perform better on molecules that were not prac-

ticed on the application?

4. App Interaction Difference Is there any beneficial difference between the way students in-
teract with the application with both paper-pencil techniques and immediate feedback com-

pared to the way students interact with the application with only immediate feedback.



2. RELATED WORK

This chapter describes the related work for this study in three categories: current methods in
teaching Lewis dot diagrams, interactive feedback in developing chemistry computer applications,

and benefits of sketch recognition for education and chemistry.
2.1 Recent Methods in Modification

Several studies have involved developing methods for improving students’ ability to learn
Lewis dot diagrams [12-29]. Some of the new teaching methods have started to focus on the
idea of modifying the diagrams. Instead of drawing the correct diagram at first try, these meth-
ods encourage the student to obtain an incorrect diagram, and use modification techniques to fix
their diagram until the correct structure is achieved. Two of these methods include the Nassiff and

Czerwinski Method and Atomic Tiles.
2.1.1 Nassiff and Czerwinski Method

Students experience several difficulties when attempting to learn Lewis dot diagrams [3,30-32].
After recognizing these difficulties in 2015, Peter Nassiff and Wendy A. Czerwinski developed a
new method to help students quickly learn the concepts of drawing the correct Lewis structure
[4]. While current literature and textbooks focus on filling only outer atoms with electrons [33—
36], Nassiff and Czerwinski explain how this type of method causes students to draw incomplete
structures when they start counting electrons to check their diagram. Instead, a new method allows
students to fill all atoms with electrons rather than just the outer atoms. Generally this causes more
electrons to be drawn then required, however, the next steps involve modifying their structure by
removing and moving electrons until the correct diagram is achieved. These steps are summarized

below.

1. Determine Electrons Determine the total number of electrons needed for the structure.

2. Fill Atoms Give each atom a full octet of electrons (8 for most, ignoring any exceptions)



3. Compare Compare the number of electrons drawn to the total number of electrons needed

from step 1. Determine the number of extra electrons drawn from this comparison.

4. Modify Remove extra electrons and move electrons to form bonds until all atoms have their

full octets again.

Through this method, Nassiff and Czerwinski have emphasized how the practice of editing
the diagram to remove and move electrons is necessary for the learning process in comparison to
simply obtaining the correct diagram at first try. After examining the use of this method, they con-
cluded that most students were able to master drawing basic Lewis dot diagrams in one classroom

session.
2.1.2 Hand-held Portable Tiles

Games and puzzles are commonly used to teach various topics in chemistry [37-39], and hand-
held model kits have been favored when teaching students to visualize molecular shapes [3]. There
is an important focus on helping students increase their representational competence in chemistry
[40-44]. While several studies and textbooks highlight the memorization of rules and algorithms
[4, 45, 46], these methods are ineffective when students need to gain a strong understanding of
pattern recognition techniques that are necessary for advanced chemistry classes [3]. In contrast, a
new method similar to puzzles was introduced in 2016. This innovative use of hand-held portable
tiles, called Atomic tiles, allows students to increase their knowledge of the necessary pattern
recognition techniques.

Atomic tiles are designed so that each tile represents a different atom in a molecule. Around
the edges are different combinations of valence electrons, and in contrast to practicing the drawing
of Lewis diagrams, the tiles can be moved around until electrons properly connect to other tiles. A
final combination of tiles would represent a molecule. Atomic Tiles allow students to try different
ideas, move tiles around, and slowly recognize patterns. When analyzing students performance
with summative assessments, students who used the Atomic Tiles performed strongly. Since the

tiles are designed to encourage students to continuously change the arrangement until they get the



correct structure, this study also shows the importance of modification in the learning process of

Lewis dot diagrams [5].
2.2 Chemistry Immediate Feedback

Educators today are exploring the use of computer applications in the classroom [47-53]. By
using applications that provide feedback, students can immediately know whether their answer is
incorrect. This quick gain in knowledge of correctness encourages students to learn how to fix their
solution on the spot. Educational applications for chemistry have also started development, as the
integration and feedback can benefit students [54—64]. A few of these applications that involve

learning Lewis dot diagrams are explained below.
2.2.1 Lewis Dots Touchscreen App

The popularity of touch-screen technologies has caused an increased interest in developing
educational applications for both inside and outside of the classroom [65]. Due to their ability
to provide a touch enabled interface that encourages interactive learning, tablet applications for
education are able to improve engagement and performance [66]. Many touch screen technologies,
including iPods and tablets, are positively changing how students learn in the classroom [67—
69]. A study in 2012 developed a touch-screen application called “Lewis Dots.” Users can select
atoms from a toolbar to add them to the screen, and connect available electrons to form molecules.
Analysis of the application was designed to include three different modules to assess how effective
the iPad application was toward student’s learning. Due to the feedback that was immediately
present, the application was concluded to be helpful in understanding molecular structures and the

use of technology in the classroom did not distract students from learning [6].
2.2.2 OrganicPad Tablet Application

New software is being developed to allow instructors to interact with their students in the
classroom. Classroom Presenter [70], Ubiquitous Presenter [71], and Message Grid [72] are all
examples of systems where instructors can interact with their students through synchronized pre-

sentations and comprehension checks. A system called OrganicPad was created to explore this



idea of instructor-student interaction for chemistry classes [7]. Using TCP/IP communication, stu-
dents can submit their drawn chemical diagrams. After saving the atoms and their connections as
nodes in a graph, these diagrams are then compared to the instructors using graph isomerism to
determine whether they are correct. Students can use this immediate feedback to understand how
to correct their submission before moving on to next problem. While the immediate feedback that
OrganicPad provides is certainly beneficial, this type of design requires an instructors submission

to compare solutions with.
2.2.3 Immediate Feedback Problems

In 2015, Smithrud and Pinhas created a study to compare organic chemistry students use of
online homework and pencil-paper learning [10]. Grading handwritten homework problems and
providing effective feedback is difficult for large class sizes, but online homework can overcome
these obstacles by giving immediate feedback and guidance [73]. Online homework has benefited
both instructors and students by allowing instructors to monitor student progress, and students have
shown a positive attitude and appreciation toward the immediate feedback [74,75].

While online homework has a clear benefit of providing immediate feedback to users, the study
believed that our current design of online homework is impeding the way students learn chemistry.
When comparing the exam score results in this study, students who used both online homework
and paper-pencil learning performed stronger than students who only used online homework. The
lack of handwriting may have contributed to some students’ poor examination scores. Several
other studies have also shown the benefits of learning by handwriting compared to a computer
[76-78]. As handwriting is found to contribute to motor memory and learning new symbols [79],
practicing the action of drawing and modifying molecules is important for students to learn Lewis
dot diagrams.

The application OrganicPad, as explained in section 2.2.2, has taken a step toward using hand-
writing for developing a more natural interface. Students can draw their solutions as if they were
drawing on paper. However, we have not investigated whether including natural modification tech-

niques, such as those explained in section 2.1.1, are also beneficial for students.



2.3 Sketch Recognition

Sketch Recognition involves the automatic identification of handwriting and hand-drawn dia-
grams. Three general categories separate the different type of algorithms that are used in the field
of sketch recognition. These algorithms include gesture-based, geometry-based, and vision-based.
Gesture-based algorithms [80-83] focus on interpreting the path of the stroke that is created. In
other words, the gesture from pen-down to pen-up is analyzed to determine what is being drawn.
Geometry-based algorithms use recognizers [84, 85] to identify general geometrical shapes from
a sketch. Vision-based algorithms [86—89] use the sketch as it appears visually instead of focus-
ing on the geometrical aspects of the sketch. This study mainly focuses on the of gesture based
features. Using these features, sketches can be trained with machine learning algorithms to be
recognized in computer applications.

While sketch recognition can be beneficial for various domains, this study will focus on the

related work involved in education and chemistry.
2.3.1 Sketch Recognition in Education

The use of paper and pencil is essential for education, as students are often found to benefit
from handwritten notes compared to taking notes on the computer [90]. For subjects that involve
hand-drawn diagrams, computer applications have implemented sketch recognition to identify and
interpret what the user has drawn. Mechanix, for example, is an educational application that uses
sketch recognition to check student’s hand-drawn free body diagrams for introductory physics [8,
91-95]. While many online systems have drag and drop features to help learn free body diagrams,
Mechanix allows the user to draw the diagrams instead. Using sketch recognition techniques,
different components of the drawing can be identified, and the relationship between the drawings
can be used to determine the correctness of the diagram. Evaluations of the tool also show that
Mechanix is as effective as paper and pencil for learning free body diagrams. Combining sketch
recognition with educational applications can have a variety of uses, since many subjects require

students to draw diagrams or write out answers to problems.
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Sketch Recognition has also been incorporated in electrical engineering by helping students
learn to draw digital circuits [96]. Digital Circuit Sketch Recognition (DCSR) is created to allow
users to draw circuit diagrams on an application, where immediate feedback is given to output
the truth value of the circuit. The DCSR method was shown to perform well for a variety of
digital circuits. In addition to digital circuits, sketch recognition of analog circuits have also been
beneficial in the education domain [97,98].

In the field of geography, sketch recognition has been used to build interfaces for students to
draw geographical features on a map [99]. By allowing users to draw rivers on a map through
an interface, students’ work can be quickly evaluated, which would allow them improve their

geographic skills more effectively.
2.3.2 Chemistry Sketch Recognition

Recent research has used the concept of sketch recognition to identify and interpret hand-drawn
chemical diagrams. In 2011, a new sketch recognition framework called ChemInk was developed
for recognizing chemical structures [9]. While the system was able to correctly detect 97.4% of
the symbols in a dataset of real-world chemical diagrams, it was geared toward users who already
understand how to draw chemical diagrams.

Recognizing hand-drawn chemical diagrams are important for advanced chemists, however for
educational settings, learning how to draw chemical diagrams requires a different focus. Lewis
dot structures are used for teaching and learning how to draw chemical structures. Advanced
chemists use shorthand methods to avoid having to draw every single electron in their drawing.
Very rarely will you see professional drawings of chemical diagrams use Lewis dot structures.
Beginner students, on the other hand, are required to show electrons around each atom, as it reflects
their understanding of the molecular structure. Sketch recognition of complete molecules can be
useful for students to check their final answer; however, learning the process of drawing Lewis dot
diagrams requires a perspective that involves incorporating modification techniques and immediate

feedback. This combination will be discussed in the study methodology in section 3.
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3. METHODOLOGY

This chapter discusses the methodology details for the overall study. This includes the outline

of each individual experiment, the intervention and observation design, and the evaluation process.

3.1 Study Design

The study will incorporate an O X; X,O design, where each participant will have approximately
1 hour to complete the entire study. Figure 3.1 shows how the study is divided. Participants will
be selected from undergraduate students at Texas A&M University who only have a introductory
knowledge of chemistry concepts. Participants are selected to ensure they have not taken any
advanced chemistry courses. Each participant will be randomly assigned to use a version of the
application as the treatment. Version one includes the ability to use paper-pencil techniques for
editing the molecule, while the second version only has an undo button for editing the molecule.
Both versions have the same immediate feedback. Prior to using the application, participants will
take a pre-quiz which will include a list of Lewis dot diagrams that need to be drawn. The pre-quiz
will also include a general introduction to drawing basic Lewis dot diagrams with a few examples.
After the pre-quiz participants will receive a tutorial that will prepare them for using the application
for 20 minutes. Once they are finished using the application, the participants will take a post-quiz
to determine their improvement in drawing Lewis dot diagrams. In addition to a pre-quiz and post-
quiz, participants will also take a survey to understand their current chemistry background. The

following questions are included on the survey.

1. Background What is your Chemistry Background? check all that apply.

(a) I'have not take any chemistry course prior to this study
(b) I have taken a general chemistry class in high school

(c) Ihave taken an advanced chemistry class in high school (Advanced Placement (AP) or
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equivalent)

(d) I have taken a college chemistry course prior to this semester.
2. Familiarity How familiar are you with drawing Lewis Dot Diagrams?

(a) Ihave never heard of Lewis Dot Diagrams.

(b) T have heard of Lewis Dot Diagrams, but I am not sure what they are.
(c) I am familiar with Lewis Dot Diagrams, but I have never used them.
(d) I am familiar with Lewis Dot Diagrams, and I have used them.

3. Confidence On a scale of 1-10, how confident are you in your ability to draw Lewis Dot

Diagrams? (1 is not confident, and 10 is very confident)

Paper-Pencil

Application

Immediate \

Feedback

/

-, Pre-Quiz 20 Minutes

Post-Quiz

T~

o
)
£
T
2
=y
o
<

Undo Button /

Feedback

Figure 3.1: Components of the entire study for each individual participant.
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3.2 Treatment Development

As part of the OX; X,0 design, there are two treatments (X; and X5) to create so that their
potential effects can be observed. This section describes how these treatments are developed into

tablet applications for participants to use.
3.2.1 Deciphering the Basic Lewis Dot Diagram

When using the application, users can complete their drawings of Lewis Dot Diagrams in a
sketchpad area. In order to understand the design choices for this area of the application, figure 3.2
shows the breakdown of a basic Lewis Dot Diagram. This breakdown only includes introductory
concepts of the Lewis Dot Diagram, and ignores advanced exceptions that are found in more

complex molecules. In summary, the components of this breakdown include:

e Central Atom The central most atom in the diagram. This atom is bonded to all other atoms

in the diagram.

e Outer Atoms All other atoms around the central atom. Each outer atom is bonded to the

central atom.

e Electrons Drawn around an atom. Each atom has four sides, and each side that is not
involved in bonding to another atom can contain up to two electrons. Each electron adds

one to the electron count for the atom it is drawn around.

e Bonds Drawn between atoms, and represents two electrons shared between the atoms. There
can be up to three bonds drawn between atoms to connect them. Each bond adds two to the

electron count for the atom it is connected to.

e Electron Count The number of electrons an atom uses. The electron count can be calculated

by adding each electron around the atom and two times each bond connected to the atom.

e Total Electron Count The total number of electrons drawn in the diagram. The total electron

count can be calculated by adding each individual electron drawn and two times each bond
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drawn.

e Electrons Needed Each atom’s electron count needs to fulfill a certain value to maintain a
stable structure for the diagram. The Electrons Needed is generally 8, but some exceptions
cause it to be other values. These values become known after practice, however for this
study, it is specified with the problem. For the correct diagram to be drawn, the Electron

Count for each atom must equal the Electrons Needed specified.

e Electrons Available and Total Available Each atom provides a certain number of electrons
to the molecule. The total number of electrons available is the sum of electrons provided by
each atom. This number is usually determined by following the periodic table of elements,
however for this study, it is specified with the problem. For the correct diagram to be drawn,

the Total Electron Count must equal the Total Available.

N Centra Electrons Needed -> H:2,H:2,0:8,C: 8 Electrons Available -> H: 1,H:1,0:6,C: 4
o Fiew ! ->Total: 12
{ & €lectrons _ - =1L
. a 4 bonds Phe =
1 Toon = Belechons \
H~C=0 | % | / 5
e —_— 3
/ A ‘H—c=0
\ H—C=0 \ -
Sl 7°5% \ /
H i ‘ SNV N Y
\ "J'H"// \i\'\H'"'/
LN 4 bonds + 4 etectons
2 = Belechons + 4 electvons.
outer afoms = 12 etectwons
Both H atoms have an electron count of 1 bond =2
electrons, and H atoms need 2 electrons as speci-
fied on top. The whole diagram has an electron
The central atom, outer atoms, bonds count of 4 bonds and 4 electrons = 12
and electrons of a CH20 molecule. The C atom has an electron count of 4 bonds :t} electrons.
electrons, and C atoms need 8 electrons as speci-
fied on top. . .
The total electrons available to use is
The O atom has an electron count of 2 bonds and 4 | 12 as specified on top.
electrons = 8 electrons, and O atoms need 8 elec-
trons as specified on top.

Figure 3.2: Breakdown of the Basic Lewis Dot Diagram

Each of these components are considered when designing the sketchpad and immediate feed-

back portions of the application. These designs are explained in sections 3.2.2.1 and 3.2.2.2
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3.2.2 Application Design

The tablet application is designed for students to practice drawing the Lewis dot diagram for
various molecules. Two versions of the application are created, with one version containing paper-
pencil techniques, and the other containing an undo button. Both versions have a general molecule
page that contains a sketch area with atoms arranged for the molecule, and a feedback area with
information about the current drawing. Figure 3.3 shows the layout of the molecule page. In the
sketchpad, users can draw bonds between atoms or draw electrons around each atom to complete
the Lewis dot diagram. Feedback on the side of the application is provided to help students fix

their drawing until it is correct.

Figure 3.3: General Molecule Page Layout

3.2.2.1 Sketchpad

For each molecule in the application, the sketchpad is loaded with the atoms already arranged
correctly. In order to complete the diagram, the user just needs to finish drawing the correct bonds
and electrons around the atoms. Most introductory chemistry courses also include the concepts of
VSEPR theory, which help predict the shape of molecules after drawing the Lewis dot diagrams.

Basic Lewis dot diagrams can be described with VSEPR theory [1], and many of the molecules
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that don’t include advanced concepts or exceptions will have a central atom and 1 to 4 outer atoms.
For this reason, the application only used molecules with 2, 3, 4, or 5 atoms. These arrangements

are shown in figure 3.4.

2 Atom Molecules 3 Atom Molecules 4 Atom Molecules 5 Atom Molecules
4 N 4 ) 4 I 4 N

\- J . J o J - /

Figure 3.4: The application pre-arranges the atoms in each molecule. Each molecule has a central
atom, with the remaining atoms surrounding it.

The sketchpad is divided into invisible boxes to guide the user where to draw their bonds and
electrons. Anything drawn outside of these boxes is ignored and disappears from the sketchpad.
The following guidelines are followed to create these boxes, and Figure 3.5 shows how they are

arranged.

e Bonding Box The areas between the central atom and outer atoms are bonding boxes. In

figure 3.5, these boxes are shown in red.

— Boxes between the central atom and outer atoms to its right and left are horizontal
bonding boxes. Boxes between the central atom and outer atoms to its top and bottom

are vertical bonding boxes

— Each bonding box can contain up to 3 bonds, so each bonding box is divided into three
equal sections. (Horizontal sections for horizontal bonding boxes, and vertical sections

for vertical bonding boxes)

— For each molecule, there are n — 1 bonding boxes, where n is the total number of atoms.
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chemisketch

CLEAR CHECK

Figure 3.5: Bonding and Electron Boxes

e Electron Box The areas on each side of an atom are electron boxes. In figure 3.5, these

boxes are shown in green.
— Any side of an atom that already contains a bonding box will not contain an electron
box.

— Each electron box can contain up to 2 electrons, so each electron box is divided into

two equal sections.

— For each molecule, there are 4n — (n — 1) electron boxes, where n is the total number
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of atoms.

¢ Bonding Box Restrictions Only horizontal lines can be drawn in horizontal bonding boxes.
Only vertical lines can be drawn in vertical bonding boxes. The majority of points in a drawn
bond must lie in an empty section of a bonding box to be a valid draw and increase the box

count.

e Electron Box Restrictions Only small circles or dots can be drawn in electron boxes. The
majority of points in a drawn electron must lie in an empty section of an electron box to be

a valid draw and increase the box count.

e Box Count Each box keeps count of how many electrons or bonds it is currently holding.

Figure 3.6 shows how bonds and electrons are added to the final boxes. Valid draws are beau-
tified and increase the box count, while invalid draws disappear from the sketchpad. Below the
sketchpad is a clear button. This clear functionality allows the user to remove all bonds and elec-

trons from the boxes and reset all box counts to 0.
3.2.2.2 Feedback

On the right side of the molecule page is a feedback area. When the user clicks on the check
button below the sketchpad, the application analyzes the sketchpad to evaluate whether the drawn
diagram is correct. The feedback area shows which parts of the diagram are correct based on three

major checks: Connected, Full Octets, and Total Electrons. These checks are explained below.

e Connected All atoms must be connected. In order to check this, every bonding box in the
sketchpad must contain at least one bond. Since each box keeps track of the number of bonds

or electrons it contains, the Algorithm 1 is used to check if Connected is true:

e Full Octets Each individual atom must have the correct number of electrons needed, which is
specified in the problem given. As explained in section 3.2.1, this refers to how the Electron

Count for each atom must equal the Electrons Needed specified. The Electron Count is
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Figure 3.6: Valid bond and electron sketches are beautified and added to their final boxes.

calculated by counting each bond and electron around the atom. 2 electrons are added for
each bond, and 1 electron is added for each electron. Algorithm 2 shows how each atom is

checked for this equality.

e Total Electrons The total number of electrons in the diagram must match the total electrons
needed, which is specified in the problem given. As explained in section 3.2.1, this refers
to how the Total Electron Count must equal the Total Electrons Available specified. The
Total Electron Count is calculated by counting each bond and electron drawn for the entire

diagram. 2 electrons are added for each bond, and 1 electron is added for each electron.
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Algorithm 1 Connected

for each box do
if box.type == "bonding” then
if box.count == 0 then
return false
end if
end if
end for
return true

Algorithm 2 Full Octet

for each atom do
electronCount = 0
for each box attached to atom do

if box.type == "bonding” then
electronCount+ = 2 * box.count
else
electronCount+ = box.count
end if
end for
if electronCount == atom.electron N eeded then
report correct for atom
else
report incorrect for atom
end if
end for
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Algorithm 3 explains how to check the total electrons.

Algorithm 3 Total Electrons

total ElectronAvailable = 0
for each atom do
total ElectronAvailable+ = atom.electronAvailable
end for
total ElectronCount = 0
for each box do

if box.type == "bonding” then
total ElectronCount+ = 2 * box.count
else
total ElectronCount+ = box.count
end if
end for

if total ElectronCount == total ElectronAvailable then
return true

else
return false

end if

3.2.2.3 Sketch Recognition

In order to recognize sketches for the application, sketch recognition would need to be imple-
mented for recognizing lines for bonds, dots for electrons, larger circles for moves, and scribbles
for removes. Previous methods of gesture recognition have been studied by Dean Rubine, who
created a recognition method in 1991 [81]. By selecting a number of features and analyzing them
with a linear classifier, this method has the ability to recognize a gesture with high accuracy. Only
four simple gestures need to be identified for this study, and since pairing Rubine’s features with
a classifier has shown to recognize gestures with high accuracy, all 13 features are implemented.
Appendix A lists each of these features with a label that explains how they are related to a sketch.

The application is setup so that training sketches are collected for each participant through a

tutorial page. The different tutorials are explained in section 3.2.3. When the user draws a sketch
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on the main application pages, a decision tree is used to classify the sketch as a bond, electron,

move, or remove. The steps to handle a valid recognition are also explained in 3.2.3.
3.2.3 Treatment Types

Since there are two treatment types for this experiment, two application versions are created.
The general sketchpad design and feedback are consistent between the two application versions.
The main difference lies in the ability to modify the diagram drawn in the sketchpad. Version 1
uses paper-pencil techniques that allows the user to edit specific parts of the diagram, while Version

2 has an undo button to remove the previous sketch.
3.2.3.1 Application Version 1

In order to assess whether integrating pencil-paper techniques improves the ability to draw
Lewis dot diagrams, the different techniques are first determined. The process of constructing,
checking and modifying the structures are important for students to learn Lewis Dot Diagrams [11],
so these three categories are chosen as a basis for the techniques. Similarly, the method by Nassiff
and Czerwinski show the importance of removing and moving electrons and bonds until the correct

diagram is achieved [4]. The three techniques are finalized as drawing, moving, and removing:

1. Drawing—Drawing bonds and electrons with lines and dots
2. Moving—Circling bonds or electrons and redrawing them at a different location

3. Removing—Scribbling over bonds and electrons to erase them

To integrate paper-pencil techniques to the sketchpad, the tutorial section is modified to allow
users to add the techniques of moving and removing. The tutorial section adds four pages to collect

training data: Remove Bonds, Remove Electrons, Move Bonds, and Move Electrons.

e Training: Remove Bonds and Remove Electrons

— The user scribbles over individual bonds and electrons to make them disappear. The

scribble sketches are first checked to ensure a majority of the points lie in an individual
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box that is not empty. Valid scribbles are saved in the training data with an interpreta-

tion label “remove."

e Training: Move Bonds and Move Electrons

— The user circles individual bonds and electrons, and redraws them in a different lo-
cation. The circle sketches are first checked to ensure the points are surrounding an
individual box that is not empty. Valid circles are saved in the training data with an

interpretation label “move."

In addition to modifying the tutorial section, the sketchpad on the main application page is
updated to include the ability to edit the diagram with these new techniques. When a sketch is

recognized as a “remove" or a “move", then the sketchpad follows these steps:

e Remove Recognized

— The “remove" sketch is checked to ensure that a majority of points from the sketch lies
in an individual box that is not empty. This causes only one bond or electron to be

removed at a time.

— Valid “remove" sketches modify the sketchpad so that the electron or bond under the

"remove" sketch disappears.

— The box count for the designated box that the remove occurred in decreases by 1.

e Move Recognized (Individual Electron/Bond)

— The “move" sketch is checked to ensure that a majority of points from the sketch sur-
rounds an individual box that is not empty. This causes only one bond or electron to be

moved at a time.

— Valid “move" sketches modifies the sketchpad so that the electron or bond within the

"move" sketch turns grey.
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— An “X" cancel button appears on the top right to allow the user to cancel the move
action. Otherwise, the sketchpad waits for the user to redraw the selected electron or

bond to another location.

— If an electron is selected, then the user can only redraw in electron boxes. If a bond
is selected, then the user can only redraw in bonding boxes. Once redrawn, the grey

electron or bond disappears from the sketchpad.

e Move Recognized (Two Electrons)

— As shown in the modification method developed by Nassiff and Czerwinski, it is com-
mon to move two electrons into a bond [4]. For this reason, the ability to move two

electrons is created.

— The “move" sketch is checked to ensure that a majority of points from the sketch sur-

rounds a main electron box that contains two electrons.

— Valid “move" sketches modifies the sketchpad so that the electron pair within the

"move" sketch turns grey.

— An “X" cancel button appears on the top right to allow the user to cancel the move
action. Otherwise, the sketchpad waits for the user to redraw the selected electron or

bond to another location.

— If the user redraws in another electron box that is empty, then both electrons are moved
to that location. If the user redraws in an individual bonding box that is empty, then a

bond is created while the original electron pair disappears from the sketchpad.

3.2.3.2 Application Version 2

The second version of this application appears very similar to the first version, with the excep-
tion of an undo button. Electron and bond sketches are collected in the tutorial for the training

data, however technique sketches for modification are not included in this version. Instead, the
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user has an undo button to remove any previously drawn sketches. The molecule questions and the
immediate feedback for this version remains the same as the first version.

The main functionality of the undo button is to remove the previously drawn sketch. To set
up this ability, the sketchpad keeps track of each bond and electron drawn. Since each bond and
electron has an individual box where it can be stored, these boxes are first numbered. When a
box is filled with a drawn bond or electron, its number is added to a list for the undo button to
use. When a user clicks on the undo button, the list is used to remove a sketch. First, the last box
number in the list is obtained as it refers to the most recent bond or electron drawn. This box’s
bond or electron is removed from the sketchpad, and the main box count for this box decreases by

one. Finally, the box number is removed from the list.
3.3 Observations

For the O X X50 design of the study, the observations include a pre-quiz that is taken before
the application, and post-quiz that is taken after the application. During application usage, data
is collected to understand how the participants interact with the application. This section explains
how the quizzes are designed for consistency, how they are graded for analysis, and how the appli-

cation data will be collected and used for evaluation.
3.3.1 Quiz Design

To observe the effects of the two treatments, participants will complete a pre-quiz prior to using
the application, and a post-quiz after using the application. The assessment will consist of drawing
the Lewis dot diagrams for 20 different molecules that range in difficulty. Students will have 12
minutes to complete as many Lewis dot diagrams as they can. A general introduction with basic
examples will be provided with the quizzes to allow students to reference as they complete the

quiz.
3.3.1.1 Determining Diagram Complexity

Before creating the quizzes, the complexity of molecules were analyzed to help create a balance

of difficulty. As there are three types of bonding, there are three different types of molecules that
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can be drawn. Lewis dot diagrams can show molecules with single bonds, double bonds, and
triple bonds. Figure 3.7 shows how the modification method by Nassiff and Czerwinski requires
increasing modification techniques as the number of bonds increase. A molecule with just single
bonds can usually be obtained without any modifications. A molecule with double or triple bonds,
however, will require additional removals and moves to form the multiple bonding. This causes
the complexity of the molecule to increase when trying to draw the complete Lewis dot diagram.

Section 3.3.1.2 and 3.3.2 explains how this complexity is taken into consideration for designing

the quiz, as it effects the analysis.
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Step 1: Give each atom Electrons
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Step 1: Give each atom Electrons

Needed. (Total Electron Count = 14, Total
Electrons Available = 12)

Step 2: Remove 2 electrons. (Total
Electron Count = 12, Total Electrons Available =
12)

Step 3: Move 2 electrons. (Electrons
Needed Correct)

2 Modifications Used

Step 1: Give each atom Electrons
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Step 2-3: Remove 4 electrons. (Total
Electron Count = 10, Total Electrons Available =
10)

Step 4-5: Move 4 electrons. (Electrons
Needed Correct)
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Figure 3.7: Diagram Complexity: Modifications needed increase as the number of bonds increase.
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3.3.1.2  Quiz Layout

Both the pre-quiz and the post-quiz contain 20 different molecules. These molocules were
chosen from the commonly tested Lewis structures [100]. Due to the range of complexity found in
molecules, as discussed in section 3.3.1.1, a similar number of molecules are used for each bonding
type. Molecules with single bonds are labeled as easy, double bonds are labeled as medium, and
triple bonds are labeled as hard. Any double bonded molecule that had the additional challenge
of considering its charge was moved up to the hard label. With this organization, 7 molecules
are easy, 6 are medium, and 7 are hard. Since several molecules between the two quizzes are the
same, the layout of the quiz is created so that molecules can be reorganized. For both quizzes,
the placement of molecules based on their difficulty levels remains consistent. Thus, where an
easy molecule is located on the pre-quiz, a different easy molecule can be located on the post-
quiz. Figure 3.8 shows the layout of easy, medium, and hard molecules. In addition to maintaining
the layout between quizzes, each row of the quiz also contains a mix of easy, medium, and hard
molecules. This decision was made to try influencing participants to attempt a range of difficult
molecules. However, the participant still has the ability to skip to different molecules around the

quiz, if they choose to do so.
3.3.1.3 Non-App Molecules

Between taking the pre-quiz and post-quiz, participants use an application that allows them
to practice 22 different molecules. These molecules can be connected to the molecules on the
quizzes, either by having the exact same atoms, or by having a similar structure. When taking
the post-quiz, participants will be drawing their answer to many similar molecules that they have
had practice drawing on the application. However, a few post-quiz molecules are not connected
to any of the application molecules. These molecules are labeled as “Non-App Molecules," as
participants will not have practice seeing how their structures are completed. Table 3.1 shows the
connection between quiz and app molecules, as well as which post-quiz molecules are labeled as

Non-App molecules.
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Figure 3.8: While molecules are rearranged, the quiz layouts remain consistent between pre and
post by keeping the placement of easy, medium, and hard molecules.

3.3.2 Quiz Grading

To analyze the improvement between quizzes, a consistent grading system was created to score
each molecule on the quiz. To go beyond simply right and wrong, the Lewis dot diagrams were
analyzed to determine how far off a student was from the correct answer. The following guidelines

were used for a consistent grading process:

e Molecule Value Each molecule has a total value that is dependent on the type of molecule,
or whether it is a non-app molecule. These values are used when grading the pre and
post quizzes. As explained in section 3.3.1.1, the complexity of molecules increases as

the number of bonds increase. This is taken into consideration by giving molecules with
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Pre-Quiz Post-Quiz

easy medium hard easy medium  hard
HCI 02 HNO3 HF 02 HNO3
H20 CH20  NO3- H20 CH20 NOg3-
OF2 CS2 NO2- OF2 CS2 NO2-
CH4 CO2 CcO CH4 CcO2 CcoO
PH3 SO3 N2 NH3 SO3 N2
SCI2 C2H4 HCN SCI2 C2H4 HCN
BF3 C2H2 NH20H C2H2

Table 3.1: List of Quiz Molecules with their Difficulty Level. Bold molecules on the post-quiz are
Non-App molecules.

triple bonds a higher molecule value than molecules with double bonds, which will have a
higher molecule value than molecules with single bonds. Non-app molecules on the post
quiz have the highest value. Since these molecules have never been practiced on the app,
as explained in 3.3.1.3, their solutions will be new to participants. These molecules show a
stronger understanding of concepts, and have been given the highest molecule value on the

post-quiz.

e Correct If a Lewis dot diagram is drawn correctly, then the student is awarded the Molecule

Value for that molecule.
e Incorrect Bonds/Electrons
— Incorrect: Extra/Missing Bond For each extra or missing bond, 1 point is subtracted

from the Molecule Value.
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— Incorrect: Extra/Missing Electron For each extra or missing electron, 1/2 point is

subtracted from the Molecule Value.

— Incorrect, but Correct Total Electrons As explained in section 3.2.1 when decipher-
ing the Lewis dot diagram, a correct diagram requires the Total Electron Count to equal
the Total Available. So if a diagram is overall incorrect, but the total electrons used in

the diagram is still correct, then 1 point is awarded back.

— Incorrect, but Correct Individual Atom As explained in section 3.2.1 when deci-
phering the Lewis dot diagram, a correct diagram requires each atom’s Electron Count
to equal the Electrons Needed. For each atom that has the correct number of electrons

used, 1/n point is awarded back, where n is the total number of atoms.

— Incorrect Max Score/Min Score When points are taken off or given back, a minimum
and maximum score are followed to ensure scores are not negative or over the full score.
When a molecule is incorrect, the final score calculate is compared against 0, and any
score below is replaced with 0. The final score is also compared against (Molecule

Value - 0.5), and any score above this is replaced with (Molecule Value - 0.5).

e Incorrect Arrangement If a molecule has atoms incorrectly arranged, or bonds and elec-

trons are placed in areas where they are not allowed
— Incorrect, but Correct Total Electrons and Correct Individual Atoms Only half of
the Molecule Value is awarded.
— Incorrect No points

e Not Attempted Blank answers where participants did not attempt the molecule are awarded

0 points.

Using the grading system above, the total points awarded for the whole quiz is calculated, as
well as the total points for each molecule type and new molecules. Figure 3.9 shows an example

of how the grading system results in different scores for various incorrect answers.
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Figure 3.9: Examples of Different Score Results from Grading

3.3.3 Application Data

As each participant in the study uses the application, a table is created to observe how they

interact with their version of the app. For each molecule, the following information gets collected:
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The number of “removes" drawn. (version 1 only)
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The number of times the undo button is clicked. (version 2 only)

The number of times the clear button is clicked.
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e The number of times the check button is clicked.

e The time it takes to finish the molecule.

Through this process, the total time and the number of molecules completed is also collected.
3.4 Evaluation

Four questions are addressed in this study, and are analyzed based on the quiz scores and the

way students interacted with each application version. These questions are listed below.

1. Overall Improvement Will students that use the application with both paper-pencil tech-
niques and immediate feedback experience a greater overall improvement in pre and post

quiz scores?

2. Molecule Type Improvement Will students that use the application with both paper-pencil

techniques and immediate feedback perform better on molecules that use multiple bonds?

3. Non-App Molecule Improvement Will students that use the application with both paper-
pencil techniques and immediate feedback perform better on new molecules that were not

practiced on the application?

4. App Interaction Difference Is there any beneficial difference between the way students in-
teract with the application with both paper-pencil techniques and immediate feedback com-

pared to the way students interact with the application with only immediate feedback.

3.4.1 Overall Improvement

For each version of the app, the post-quiz scores and pre-quiz scores are compared using a
Mann Whitney U Test to determine if there is a significant improvement. In order to determine if
there is a difference in overall improvement between the two versions of the app, the difference
between the pre-quiz and post-quiz score is calculated for each participant. The quiz score differ-
ences are then compared using a Mann Whitney U Test with an alpha value of 0.05 to see if one

version has a stronger improvement compared to the other.
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3.4.2 Molecule Type Improvement

To analyze how the app versions differed in molecule type improvement, the scores are divided
up into three different categories for each molecule type. The total score in each category is used
as a pre and post score. The difference between these scores are compared using a Two Sample
T Test and a Mann Whitney U Test to see if one version has a stronger improvement compared
to the other. Additionally, the average post score values for each molecule can show use which
molecules caused participants to struggle. From these values, we can determine which app version

resulted in lower scored molecules.
3.4.3 Non-App Molecules

For the six non-app molecules on the post-quiz, the post score values for each molecule is used
to show which molecules had lower scores. Using a Mann Whitney U Test, we can determine if an

one app version had significantly more lower scored non-app molecules than the other.
3.4.4 App Interaction Difference

Using the data collected from the application, Mann Whitney U Tests and Two Sample T Tests
are used to see if there are any significant differences between the way students interacted with the
application. The total time, average time per molecule, total techniques/undos, total clears, total

checks, and total molecules completed are compared between each application.
3.4.5 Sketch Recognition Analysis

In addition to evaluating the four questions from the study, the accuracy of the sketch recogni-
tion implemented in the application is also analyzed. Since training sketches are collected for each
participant through the tutorial page, the accuracy of the recognition method can be analyzed using
Leave One Out Cross Validation. Each participants sketches that are inputted into the tutorial page
are tested using a decision tree classifier, where the remaining participants’ tutorial sketches are
used as training data. Using the 13 Rubine features listed in appendix A, the output of the decision

tree can be used to create a confusion matrix of which gestures are identified correctly.
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4. RESULTS

This chapter presents the results from analyzing quiz scores and app interaction. These results
are presented in five categories: overall improvement, app molecule type improvement, non-app
molecule scores, app interaction difference, and sketch recognition accuracy. A total of 15 partic-
ipants were recruited for the study, where 7 used the application with paper-pencil techniques and

the other 8 used the application with the undo feature.
4.1 Survey Results

Before taking the pre-quiz, participants completed a survey to understand their current chem-
istry background, familiarity, and confidence. The results for the three questions are presented in

this section.
4.1.1 Background

To assess the current background of participants, the first survey question asked what types of
chemistry courses have been taken in the past.

1. What is your Chemistry Background? check all that apply.

(a) I have not take any chemistry course prior to this study
(b) I'have taken a general chemistry class in high school

(c) Ihave taken an advanced chemistry class in high school (Advanced Placement (AP) or

equivalent)
(d) T have taken a college chemistry course prior to this semester.
All 15 participants have at least taken a high school chemistry course. Using the answers given,
two categories of chemistry background were created: high school only and college. Participants

who circled b or ¢ alone, or both b and c, were categorized as only having a high school background

in chemistry. Participants who included choice d were categorized as having a college background.
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As figure 4.1 shows for this study, 8 participants have only a high school background, while 7

participants have a introductory college background.

Paper-Pencil
Techniques

Undo

® High School Only ® College ® High School Only @ College

Figure 4.1: Chemistry Background Survey Results

4.1.2 Familiarity

The next survey question asked how familiar participants were with Lewis dot diagrams.

1. How familiar are you with drawing Lewis Dot Diagrams?

(a) I have never heard of Lewis Dot Diagrams.
(b) Thave heard of Lewis Dot Diagrams, but I am not sure what they are.
(c) I am familiar with Lewis Dot Diagrams, but I have never used them.

(d) I am familiar with Lewis Dot Diagrams, and I have used them.

While each response suggests that everyone has heard of Lewis dot diagrams, not every partic-
ipant has the experience of using them. Figure 4.2 presents the results from this question in three
categories. Those who answered choice b were categorized with some familiarity, and participants
who answered choice ¢ or d were categorized with familiar but never used, or familiar and used

respectively.
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Paper-Pencil
Techniques

Undo

® Some Familiarity ® Familiar, but never used ® Familiar, and used ® Some Familiarity ® Familiar, but never used ® Familiar and used

Figure 4.2: Chemistry Familiarity Survey Results

4.1.3 Confidence

The final survey question asked how confident participants felt with drawing Lewis Dot Dia-

grams.

1. Confidence On a scale of 1-10, how confident are you in your ability to draw Lewis Dot

Diagrams? (1 is not confident, and 10 is very confident)

Participants who answered with a level between 1-3 were categorized with having low confi-
dence, 4-6 were categorized with having some confidence, and 7-10 were categorized with having
high confidence. Figure 4.3 shows how all 15 participants responded to confidence level, as well

as how confidence levels were divided with each application version.
4.2 Overall Improvement Results

Both the pre-quiz and post-quiz have 20 molecules, where the single-bonded molecules are
worth 5 points, double-bonded molecules are worth 8 points, and triple-bonded molecules are
worth 10 points. The post-quiz also contains non-app molecules that are worth 15 points. This
scoring system caused the pre-quiz to have a total of 153 points and the post-quiz to have a total of

192 points. The final score for each participant was calculated as a percentage.
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Techniques
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©® Low Confidence ® Some Confidence ® Highly Confident ©® Low Confidence ® Some Confidence © Highly Confident

Figure 4.3: Chemistry Confidence Survey Results

4.2.1 Individual Quiz Scores

Table 4.4 shows the pre-quiz score, post-quiz score, and score differences for each of the 15
participants. Figure 4.5 shows the overall quiz score change for each application version, which

explains how the average pre-quiz to post-quiz score change differs between both applications.

© PperPenciTechmigues Undo
pre-quiz

post-quiz  score difference pre-quiz post-quiz score difference

315 62.41 30.91 63.29 74.53 11.24

79.08 89.84 10.76 87.091 79.17 -8.74
39.61 52.60 13.00 65.69 74.57 8.88
38.24 75.39 37.16 7748 84.95 7.46

56.21 100 43.79 40.03 67.76 27.73

85.29 92.86 1.57 47.93 64.06 16.13

40.31 78.13 37.82 27.65 37.76 10.11
53.04 61.59 8.55

average 52.89 78.75 25.86 average 57.87 68.05 10.17
standard error 7.5 5.95 524 standard error 6.53 4.79 3.34

Figure 4.4: Quiz Score Results for 15 Participants
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Figure 4.5: Overall Quiz Score Change

4.2.2 Statistical Analysis of Quiz Scores

To analyze whether one application has a significantly stronger improvement than the other,
the quiz scores and score differences are compared using a one-tailed two sample t-test with a
significance level of 0.05. However, because of the small sample size, a non-parametric test (Mann-
Whitney U Test) is also used to compare the quiz scores and score differences. The non-parametric
tests are also set up as a one-tailed test with a significance level of 0.05. Table 4.1 shows the
resultant p-values and u-values for comparing both applications’ pre-quiz scores, post-quiz scores,

and score differences.
4.2.3 Quiz Scores by Chemistry Background

Using the survey results from section 4.1, the overall results were also divided between chem-
istry background. To visualize any difference between those who had a college background of
introductory chemistry and those who had a high school background of introductory chemistry,

figure 4.6 and table 4.2 show the quiz score differences between the two categories.
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Pre-Quiz Comparison Post-Quiz Comparison Score Difference Comparison

One-Tailed Mann Whitney U Test One-Tailed Mann Whitney U Test One-Tailed Mann Whitney U Test

U Value (Undo) 23 U Value (Undo) 39 U Value (Undo) 45

U Value (Paper-Pencil) 33 U Value (Paper-Pencil) 17 U Value (Paper-Pencil) 11
Critical U (0.05 significance level) 13 Critical U (0.05 significance level) 13 Critical U (0.05 significance level) 13
One-Tailed Two Sample T Test One-Tailed Two Sample T Test One-Tailed Two Sample T Test

p-value 0.3234 p-value 0.1053 p-value 0.0158

Table 4.1: Two Sample T-Test and Mann-Whitney U Test Results for Comparing Pre-Quiz Scores,
Post-Quiz Scores, and Score Differences

High School Only College
70 96
67.13 04 94.24
65 0
90
60
57.79 88
55 86
84
50 82
80
s 78 78.30
42.16
76
40
37.4 4 7356
35 72
Pre-Quiz Post-Quiz Pre-Quiz Post-Quiz
Paper-Pencil Techniques Undo Paper-Pencil Techniques Undo

Figure 4.6: Quiz Score Change for High School Background and College Background of Intro-
ductory Chemistry

4.3 App and Non-App Molecule Type Improvement

Each of the molecules on the pre-quiz and post-quiz were graded based on their difficulty
level. Molecules that were practiced on the application were valued based on the number of bonds
they used. Single-bonded molecules are worth 5 points, double-bonded molecules are worth 8
points, and triple-bonded molecules are worth 10 points. The molecules that were not practiced
on the application are worth 15 points on the post-quiz. Each molecule’s score is calculated as a

percentage.
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High School Only College

g Pre-Quiz Post Quiz Score Difference g Pre-Quiz Post Quiz Score Difference
£ 315 62.41 30.91 £ 79.08 89.84 10.76
@ O
= 39.61 52.6 13 = 56.21 100 43.79
-g 38.24 75.39 37.16 g 85.29 92.86 7.57
%— 40.31 78.13 37.82 Dé_
& &  Average 73.53 94.24 20.71
Average 37.41 67.13 29.72
Pre-Quiz Post-Quiz Score Difference Pre-Quiz Post-Quiz Score Difference
40.03 67.76 27.73 63.29 74.53 11.24
) 47.93 64.06 16.13 s 87.91 79.17 -8.74
5 27.65 37.76 10.11 5 65.69 74.57 8.88
42.16 57.79 8.55 77.48 84.95 7.46
Average 38.54 56.53 17.99 Average 73.59 78.3 4.71

Table 4.2: Pre-Quiz and Post Quiz Scores for High School and College Background of Introductory
Chemistry

4.3.1 Post-Quiz Scores by App Molecule Type

After using the application, each participant took a post-quiz with the same molecules. The
score for individual molecules are calculated for each participant, and averaged for each type of
application. Using the molecules that were practiced on the application, figure 4.7 shows the
average post-quiz score for each molecule on both versions of the application. The molecules that

scored 80% or below are highlighted in red.
4.3.2 Quiz Score Change by App Molecule Type

The application versions are also compared by the quiz score difference for each molecule type
practiced on the application. In addition to an overall score, each participant has a score for each
molecule type (easy, medium, and hard). The average pre-quiz and post-quiz scores by molecule
type are shown in figure 4.8, where the change from pre-quiz to post-quiz are displayed for each

application version.
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Figure 4.7: Molecule Type Post Quiz Scores for Paper-Pencil Technique Application and Undo
Application
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4.3.3 Non-App Molecule Type Scores
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The molecules that were not practiced on the application are worth 15 points on the post-quiz.

The score for individual non-app molecules are calculated for each participant, and averaged for

each type of application. Figure 4.9 shows the average post-quiz scores for the non-app molecules

on both versions of the application. The molecules that scored below 80% are highlighted in red.
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Paper-Pencil Techniques

0 WEL 69.52 55

NHZ0H MNO3- C2HZ HNO3 C2H4 503

Undo

NH20H NO3- C2H2 HNO3 C2H4 S03

@ Average Score <= 80%

Figure 4.9: Non-App Molecule Post Quiz Scores for Paper-Pencil Technique Application and
Undo Application

4.3.4 All Type Molecule Scores

Post-quiz scores for all participants include easy (single-bonded), medium (double-bonded),
hard (triple-bonded), and non-app molecules. To summarize the differences between application
types, the individual molecule averages in each category from section 4.3.1 and section 4.3.3 are

averaged together. The post-quiz averages for each molecule type are shown in figure 4.10.
4.4 Weighted All-or-Nothing Quiz Scores

Since the overall improvement from section 4.2 is dependent on the values given to each
molecule, it is beneficial to show the results from weighting the molecules in an all-or-nothing
method. In this grading approach, only molecules that are drawn completely correct are awarded

its molecule value, while the remaining molecules are given no points. Results from this grading
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Figure 4.10: All Molecule Type Post Quiz Scores for Paper-Pencil Technique Application and
Undo Application

method show which application scored higher for fully correct molecules. Figure 4.11 shows the
overall quiz score change for each application version, which explains how the average pre-quiz
to post-quiz score change differs between both applications, when using an all-or-nothing grading
method. This grading method is also used to show the post-quiz scores by molecule type in figure
4.12, and the non-app post-quiz scores in figure 4.13. For these figures, molecules that scored 70%
or below are highlighted in red. This cutoff was decreased as the overall scores were generally

lower in this category due to the removal of partial credit.
4.5 App Interaction Difference

While participants use each version of the application, data is collected to analyze how users
interact with the application. This data includes the total number of techniques used (remove and
move / undo), total number of times the clear button is used, total number of time the check button
is used, total number of molecules completed, and the average time spent per molecule. Figure

4.14 shows the average of these values from each version of the application.
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Figure 4.11: Quiz Score Change with All-or-Nothing Grading Method

A one tailed Mann-Whitney U Test with a significance level of 0.05 is used to compare the app
interaction between paper-pencil techniques and the undo application. The resultant U values are

shown in table 4.3.

total total total total molecules avyg
techs/undo clears checks done time/molecule
U-\.'alu.e (Paper-Pencil 315 30 24 32 21
Techniques)
U-value (Unda) 17.5 19 25 17 28

Table 4.3: Mann-Whitney U Test Results for Comparing Paper-Pencil Techniques and Undo App
Interaction
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Figure 4.12: Molecule Type Post-Quiz Scores with All-or-Nothing Grading Method

4.6 Sketch Recognition Accuracy

A Leave One Out Cross Validation is used to test each participant’s tutorial sketches with
a decision tree classifier, where the remaining participants’ sketches are used as training. Each
participant that used the paper-pencil techniques application is required to draw 12 bonds, 24
electrons, 36 removes, and 18 moves. Each participant that used the undo application is required
to draw 12 bonds and 24 electrons. For 15 participants, where 7 used paper-pencil techniques and
8 used the undo application, a total of 180 bonds, 360 electrons, 252 removes, and 126 moves are
drawn.

The total confusion matrix created from the Leave One Out Cross Validation is shown in table
4.4, and the individual decision trees generated are listed in appendix A. The results from the
confusion matrix are also analyzed by calculating the sensitivity, specificity, false negative rate,

and false positive rate for each individual gesture. These values are shown in 4.5.
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Figure 4.13: Non-App Molecule Post-Quiz Scores with All-or-Nothing Grading Method
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Figure 4.14: App Interaction of Paper-Pencil Techniques vs Undo Application
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Bond Electron Remove Move Bond Electron Remove Move

Bond 175 1 4 0 Bond 0.972 0.0056 0.022 0
Electron 2 337 19 2 Electron 0.0056 0.936 0.0528 0.0056
Remove 4 15 221 12 Remove 0.0159 0.0595 0.877 0.0476

Move 1 0 7 118 Move 0.00794 0 0.0556  0.937

Table 4.4: Leave One Out Cross Validation Confusion Matrix of Bond, Electron, Remove, and
Move Sketches

Sensitivity = Specificity False Negative Rate  False Positive Rate

Bond 0.972 0.991 0.028 0.0095
Electron 0.936 0.971 0.064 0.029
Remove 0.877 0.955 0.123 0.045

Move 0.937 0.982 0.063 0.018

Table 4.5: Sensitivity, Specificity, False Negative Rate, and False Positive Rate of Bond, Electron,
Remove, and Move Sketches
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5. DISCUSSION

This chapter discusses and interprets the results presented in the previous chapter. After review-
ing the five categories of overall improvement, app molecule type improvement, non-app molecule
scores, app interaction, and sketch recognition analysis, the chapter continues with presenting the

current limitations of the study and future work.
5.1 Overall Improvement

The first question in the study addresses whether students that use the application with both
paper-pencil techniques and immediate feedback experience a greater overall improvement in pre
and post quiz scores. As table 4.4 and figure 4.5 show, both application versions caused an increase
in quiz scores. While at first glance, the two versions seem to improve the quiz scores regardless
of the application interaction, a further statistical analysis shows a difference between the two.

Table 4.1 presents the result of a Mann-Whitney U test and Two Sample T test when compar-
ing score differences from both applications. For this sample size and significance level of 0.05, a
critical value of U is determined to be 13. Comparing the pre-quiz and post-quiz scores resulted
in a smaller U-value of 11 for the Paper-Pencil Techniques application, but not for the Undo Ap-
plication, which had a U-value of 17. The Two Sample T test also resulted in a p-value of 0.0158
when comparing the score differences. Since the U-value of 11 is smaller than the critical U-value
of 13, and the p-value of 0.0158 is less than the significance level of 0.05, both tests resulted in
rejecting the null hypothesis for Paper-Pencil Techniques to claim that there is a significant differ-
ence between the score differences. The paper-pencil techniques had a higher score difference, and
resulted in a higher average post-quiz score, so we can conclude that the application paper-pencil
techniques experienced a greater overall improvement of quiz scores.

Since the overall improvement can be affected by the values given to each molecule when
grading, an all-or-nothing grading method was also used to determine if the greater overall im-

provement still exists when the grade only depends on fully correct molecules. While figure 4.11
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shows the paper-pencil techniques resulting in an overall greater improvement, a Mann-Whitney

U test shows that the difference in improvement is not significant with this grading method.
5.2 App Molecule Type Improvement

To address the question on how the application versions differed in molecule type improvement,
the scores are analyzed in three different categories for each molecule type. Using the post-quiz
score results for individual molecules, figure 4.7 shows both the paper-pencil techniques applica-
tion and undo application scoring well for single bonded molecules. Lower scores begin to appear
for double bonded and triple bonded molecules. When comparing the applications, the undo appli-
cation shows slightly more lower scores for multiple bonded molecules. Figure 4.8 also shows how
the paper-pencil techniques application resulted in the quiz score difference to slowly surpass the
undo application’s quiz score difference as the molecules became more complex. When consider-
ing the all-or-nothing grading method, the molecule scores shown in figure 4.12 followed a similar
pattern with the original grading method. However, a lower cut-off of 70% needed to be used to
see this pattern, due to the overall lower scores when removing partial credit. When considering
the question of how the application versions differed in molecule type improvement, these results
allow us to infer that the paper-pencil techniques are contributing to a stronger performance for

complex molecules regardless of whether partial credit is included or not.
5.3 Non-App Molecule Scores

Another question to address involves comparing the application’s quiz performance for non-
app molecules. Figure 4.9 shows the post-quiz score results for non-app molecules with the paper-
pencil techniques application and the undo application. The undo application resulted in more
low post-quiz scores compared to the paper-pencil techniques application. Only one molecule was
not scored under 80% for the undo application, while the paper-pencil techniques application had
three molecules that scored over 80%. The weighted all-or-nothing grading method resulted in an
additional molecule flagged compared to the original grading method, however, figure 4.13 still

shows more molecules scoring lower for this category. Non-App molecules show the participants
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performance when approaching new problems they have not seen the solution to. These types of
molecules would require a stronger understanding of concepts than the remaining molecules on the
quiz. When considering how the application versions compared to non-app molecules, the paper-
pencil techniques performs better than the undo application, which suggests that the presence of

the techniques are solidifying the concepts stronger than the undo application.
5.4 App Interaction

The final question to consider discusses whether there is any beneficial difference between the
way students interact with the two application versions. A one tailed Mann-Whitney U test is used
to compare the interactions shown in 4.14. With a significance level of 0.05 and a critical U value
of 11, none of the smaller U values in 4.3 are below the critical U value. Therefore, we can not

claim there is a significant difference between the way participants interacted with the application.
5.5 Sketch Recognition Analysis

The overall confusion matrix from table 4.4 is generated from a Leave One Out Cross Vali-
dation, where there is a total of 180 bonds, 360 electrons, 252 removes, and 126 moves. As the
true positives show, most of the bonds, electrons, and moves were recognized correctly, with an
accuracy of 97.2% , 93.6% , and 93.7% respectively. However, removes were recognized with
the least accuracy of 87.7%. Additionally, table 4.5 shows that the remove gesture has the highest
false negative rate of 12.3%. These results show that remove sketches weren’t classified as cor-
rectly compared to the other gestures, and more sketches were incorrectly classified as a remove
compared to other gestures. The difficulty in classifying the remove gesture can be explained due
to the differences that occur for the gesture between participants. While drawing lines, small cir-
cles, and large circles is generally controlled and follows similar patters, the act of scribbling or
scratching out has more freedom. Participants may choose to scratch out differently, as there aren’t
strict rules of how to scratch out. While the current sketch recognition features are still effective in
identifying a remove, the freedom of scratching out can be analyzed more closely to help improve

the accuracy of classifying remove gestures.
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5.6 Limitations of the Study

Current limitations of the study that are discussed include sample size and pre-observation
effects. When designing the study and analysis, these limitations have also been taken into consid-

eration.
5.6.1 Sample Size and Generalizability

A total of 14 participants were recruited to the study where 7 used the application with paper-
pencil techniques and 7 used the undo application. Stronger results can be produced with increas-
ing the sample size, however this sample size was taken into consideration during analysis by
using a non-parametric statistical test. Additionally, participants were only recruited from under-
graduate students with a basic chemistry background. Even though the sample size is smaller than
desired, maintaining the target population during recruitment allows us to generalize the results to

undergraduate students who do not have an advanced chemistry background.
5.6.2 Pre-Quiz Effects

Since an OX; X0 design is used for this study, it is common to bring up the effects of the
first observation on the results. When all participants take a pre-quiz prior to the application, it
becomes unknown of whether the pre-quiz itself causes the improvement in post-quiz scores rather
than the application. While this question remains, the analysis of results is setup to compare the
two applications. Since all participants have taken the same pre-quiz, that is remained as a control
of the study. Both applications have caused some improvement in scores, but with the pre-quiz
remaining as a control, we can infer that any difference in improvement are caused by the two

applications.
5.7 Future Work

Future work for this study can involve a improvements in a variety of areas. These ideas are

explained in the categories of application improvement and study setup changes.
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5.7.1 Application Improvement

The current application is designed for basic molecules and introductory concepts. Design
decisions include pre-arranging atoms, only including molecules with central atoms, limiting the
number of atoms to 5, and not included advanced concepts and exceptions. While these decisions
work for basic molecules, the application would need significant improvement for more complex

molecules.
5.7.1.1 Sketch Recognition of Entire Molecule

The current application uses sketch recognition to interpret hand drawn bonds, electrons, and
interaction techniques. The future application can incorporate identifying the entire chemical di-
agram, including the atoms. This would allow the entire sketchpad to act like paper with the
freedom to draw anywhere. Techniques to recognize these components can be found in previous

sketch recognition methods for chemical diagrams. [9].
5.7.1.2  Exceptions and Formal Charges

For this study, the Lewis dot diagram was deciphered in section 3.2.1 using only introductory
concepts. The algorithms to check for the correct diagram follow the general rules for drawing
molecules, however several complex molecules use exceptions to these general rules when formu-
lating the correct diagram. A method for considering different exceptions would need to be created
when checking advanced molecules. The concept of formal charges also needs to be considered

when checking the arrangement of atoms and electrons.
5.7.2 Study Changes

Future work can also involve modifications to the study. This includes observing the effects
of the application on different target populations, and using additional studies to help confirm and

modify new paper-pencil techniques.
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5.7.2.1 Target Population

The current study is set up to evaluate the performance of undergraduate students with basic
chemistry knowledge. However, since the application is setup for introductory concepts, it would
also be beneficial to assess how it performs for high school students who are taking a chemistry
course for the first time. Learning to draw chemical diagrams can also be extended to organic
chemistry with advanced chemical diagrams. Expanding the check algorithms to incorporate con-
cepts from organic chemistry would be a long-term improvement in the future. This expansion can

help the study infer how the application is beneficial for organic chemistry students.
5.7.2.2  Paper-Pencil Technique Identification

The current study uses previous research to identify which techniques to use in the applica-
tion. A future study, however, could involve assessing the way students draw and edit Lewis dot
diagrams, and identifying what interaction techniques they use on paper. Students can be asked
to draw various molecules on paper, and their use of paper can be observed. The current paper-
pencil techniques can be confirmed, and new possible techniques can be identified. Additionally,

the sketches that are used to perform the techniques can be observed.
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6. CONCLUSION

In this study, two applications were created to investigate whether the integration of paper-
pencil techniques and immediate feedback results in a stronger ability to draw accurate Lewis Dot
Diagrams compared to using an application without paper-pencil techniques. An analysis of pre-

quiz scores, post-quiz scores, and application data creates a conclusion in the following categories.

1. Overall Improvement When comparing score differences between the two applications,
participants who used the application with paper-pencil techniques experienced a greater
improvement compared to participants who used the application with an undo button. The
improvement between pre-quiz and post-quiz scores is greater for participants who only have

a high school background of chemistry.

2. Molecule Type Improvement All participants struggled as molecules became more com-
plex, however, participants who used the application with paper-pencil techniques scored

higher on complex molecules.

3. Non-App Molecule Improvement Molecules that were not practiced on the application
were the most difficult to solve on the post-quiz, however, participants who used the appli-
cation with paper-pencil techniques scored higher than participants who used the application

with an undo button.

4. App Interaction Difference When comparing the different interaction techniques saved
from the application usage, there is no significant difference between the way participants
interacted with each application. This suggests that the existence of paper-pencil techniques

does not change the way participants use the immediate feedback.

5. Sketch Recognition The features determined by Rubine still continue to be effective in
recognizing gestures with a decision tree classifier, however, modifying the application to

recognize different scratch out gestures is necessary to improve classification.
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The different types of improvement analysis suggest the paper-pencil techniques have an educa-
tional benefit for practicing Lewis dot diagrams, especially when the molecules are more complex.
Since the application is more effective for participants with a high school background, there is
motivation to expand the study to examine its effects in a high school setting. Additional improve-
ments can be incorporated into the application to allow higher level chemistry students to practice
advanced concepts, and further sketch recognition can be used to help identify the entire Lewis dot

diagram drawing and interaction for the application.
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APPENDIX A

LEAVE ONE OUT CROSS VALIDATION DECISION TREES

Decision Trees from Leave One Out Cross Validation of each participants’ training data col-
lected in the tutorial page. The features from Rubine [81] are labeled in each decision tree as

follows:

Feature 1 cosineStartAngle - cosine of the start angle

o Feature 2 sineStartAngle - sine of the start angle

e Feature 3 BBDiaglen - length of the bounding box diagonal

e Feature 4 BBDiagAngle - angle of the bounding box

e Feature 5 startEndDist - distance between start and endpoint

e Feature 6 startEndCosineAngle - cosine of angle from start to endpoint

o Feature 7 startEndSineAngle - sine of angle from start to endpoint

o Feature 8 strokeLength - length of stroke

o Feature 9 angleTrav9 - total angle

e Feature 10 angleTrav10 - total absolute angle

e Feature 11 angleTrav11 - sharpness

e Feature 12 maxSpeed - maximum speed

e Feature 13 pathDuration - time taken for entire stroke
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J48 pruned tree

maxSpeed <= 0.055402: electron (26.0)
maxSpeed > 0.055402

| strokelLength <= 40.633885: electron (21.0/1.0)
| strokeLength > 40.633885

I | angleTrav9 <= 6.823605: remove (8.0)

I | angleTrav9 > 6.823605: electron (4.0)

startEndDist <= 44.28318
| startEndCosineAngle <=-0.6
| BBDiagAngle <= 0.276097: remove (7.0)

| "BBDiagLen <= 30.479501: electron (3.0/1.0)

| angleTrav9 <= 3.60524: remove (5.0/1.0)
| angleTrav9 > 3.60524
I 1 angleTravll <= 10.253431: move (93.0)
| | angleTravi1 > 10.253431
I I 1 startEndCosineAngle <= -0.810679: move (6.0)
I 1 | startEndCosineAngle >-0.810679: remove (4.0)
startEndCosineAngle > -0.6
strokeLength <= 43.633885: electron (8.0/1.0)
strokeLength > 43.633885

| | pathDuration <= 399: move (5.0)

| | pathDuration > 399: remove (25.0/2.0)
startEndDist > 44.28318

strokeLength <= 122.552041: bond (164.0)
strokeLength > 122.552041

I
I
| | BBDiaglLen <= 84.593144: remove (25.0)
I
I
I

[
I | cosineStartAngle <=-0.980581: move (2.0)
[

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[ | cosineStartAngle > -0.980581: bond (3.0)

Number of Leaves : 19

Size of the tree : 37

Figure A.1: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 1 Left Out in
Training
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J48 pruned tree

| maxSpeed <= 0.052469: electron (253.0)

I maxSpeed > 0.052469

I | strokeLength <= 40.633885: electron (65.0/2.0)
I | strokeLength > 40.633885

I 1 | angleTrav9 <= 5.961435: remove (9.0/1.0)

I 1 1 angleTrav9 > 5.961435: electron (8.0)
B

| BBDiagLen
[

| | BBDiagLen

| BBDiagLen > 39.698866
[

[

[

[

I | strokeLength <= 308.187476: move (104.0/2.0)
I | strokeLength > 308.187476: remove (3.0)
tartEndCosineAngle > -0.447214
strokeLength <= 43.633885: electron (7.0)
strokeLength > 43.633885
|
| | startEndDist <= 6.708204
I 1 | angleTrav9 <= 5.176037: remove (9.0)
I 1 | angleTrav9 > 5.176037: move (4.0)
I | startEndDist > 6.708204: remove (161.0/1.0)
|
|

| | BBDiaglLen > 56.035703: remove (5.0)
tartEndDist > 56.435804
strokeLength <= 122.552041: bond (161.0)

strokeLength > 122.552041

S
I
I
I
I
I
I
I
I
I
I

e ]

Number of Leaves : 18

Size of the tree : 35

Figure A.2: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 2 Left Out in
Training
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J48 pruned tree

maxSpeed <= 0.052469: electron (252.0)
maxSpeed > 0.052469

| strokeLength <= 40.633885: electron (66.0/2.0)
| strokelLength > 40.633885

I 1 angleTrav9 <= 6.038207: remove (9.0/1.0)

I 1 angleTrav9 > 6.038207: electron (8.0)
startEndDist <= 54.230987

| startEndCosineAngle <= -0.6

angleTravil <= 7.704851: move (88.0/1.0)
angleTravil > 7.704851

tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (4.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiaglLen <= 35.510562: remove (4.0)

I
I
I
| | | cosineStartAngle <=-0.090536: bond (2.0)
| | | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505
| | angleTravil <= 4.993609
I I | angleTrav9 <= 5.092895: remove (24.0)
| I 1 angleTrav9 > 5.092895: move (5.0)
| | angleTrav11 > 4.993609: remove (148.0)
tartEndDist > 54.230987
strokeLength <= 122.552041: bond (160.0)
strokeLength > 122.552041

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

e

Number of Leaves : 19

Size of the tree : 37

Figure A.3: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 3 Left Out in
Training
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J48 pruned tree

|

|

| | startEndCosineAngle <= 0.496139: electron (8.0)
| | startEndCosineAngle > 0.496139

| | | strokeLength <= 52.14433: electron (4.0/1.0)
| | | strokeLength >52.14433: remove (5.0)
B

| BBDiagAngle <= 0.276097: remove (7.0)

angleTrav9 <= 3.60524

| cosineStartAngle <= -0.847998: remove (3.0)

| cosineStartAngle > -0.847998: electron (2.0/1.0)
angleTrav9 > 3.60524

| angleTrav9 <= 9.888426: move (103.0/1.0)

| angleTrav9 > 9.888426: remove (3.0/1.0)

|
|
|
|
|
|
|
|
| startEndCosineAngle > -0.694595
|

|

|

|

|

|

|

|

strokeLength <= 54.171205
| angleTrav9 <= -0.785398: electron (5.0)
| angleTrav9 > -0.785398: bond (5.0)
strokeLength > 54.171205
| angleTravil <= 4.81265
| | angleTrav9 <= 5.03414: remove (21.0/1.0)
| | angleTrav9 > 5.03414: move (3.0)
| angleTravil > 4.81265: remove (157.0)
tartEndDist > 56.435804
strokeLength <= 117.124133: bond (159.0)
strokeLength > 117.124133

e ) |

Number of Leaves : 17

Size of the tree : 33

Figure A.4: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 4 Left Out in
Training
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J48 pruned tree

maxSpeed <= 0.052469: electron (253.0)
maxSpeed > 0.052469
| strokeLength <= 40.633885: electron (65.0/2.0)
| strokeLength > 40.633885
I | angleTravd <= 6.038207: remove (9.0/1.0)
I 1 angleTrav9 > 6.038207: electron (8.0)
startEndDist <= 56.435804
| startEndCosineAngle <= -0.447214
angleTrav9 <= 5.092895
I maxSpeed <= 0.578125: move (7.0)
| maxSpeed > 0.578125: remove (10.0/1.0)
angleTrav9 > 5.092895
| angleTravil <= 9.58703: move (92.0)
| angleTravil > 9.58703
| | pathDuration <= 914: remove (4.0/1.0)
| | pathDuration >914: move (5.0)
tartEndCosineAngle > -0.447214
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 >-0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505

I
I
I
I | | cosineStartAngle <= -0.090536: bond (2.0)
I | | cosineStartAngle > -0.090536: electron (2.0)
| maxSpeed > 0.086505
| | startEndDist <= 6.708204
I | | angleTrav9 <=5.176037: remove (11.0)
I | | angleTrav9 > 5.176037: move (4.0)
| | startEndDist > 6.708204: remove (164.0)
tartEndDist > 56.435804
strokeLength <= 122.552041: bond (159.0)
strokeLength > 122.552041
| BBDiaglLen <= 127.632284: remove (15.0)

S
I
I
I
I
I
I
I
I
I
I
I
I
I
I

- - - — w

Number of Leaves : 20

Size of the tree : 39

Figure A.5: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 5 Left Out in
Training
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J48 pruned tree

| startEndDist <= 56.435804

| startEndCosineAngle <= -0.6

strokeLength <= 308.187476

| angleTravil <= 7.832142: move (92.0)

| angleTravil >7.832142

| | BBDiagLen <= 79.40403: remove (8.0/2.0)

strokeLength > 308.187476: remove (7.0)
tartEndCosineAngle > -0.6

pathDuration <= 256

| angleTrav9 <= -0.785398: electron (5.0)

| angleTrav9 > -0.785398: bond (5.0/1.0)

pathDuration > 256

| maxSpeed <= 0.09

| | cosineStartAngle <= -0.478852: remove (2.0)

| | cosineStartAngle > -0.478852
I | | cosineStartAngle <=-0.099504: bond (2.0)
| | | cosineStartAngle > -0.099504: electron (2.0)
I
I
I
I

maxSpeed > 0.09
| pathDuration <= 333
| | angleTrav9 <= 6.08579: remove (10.0)
| | angleTrav9 > 6.08579: move (4.0)
| | pathDuration > 333: remove (170.0/1.0)
tartEndDist > 56.435804
strokeLength <= 134.246985: bond (160.0)
strokeLength > 134.246985
| BBDiagLen <= 127.632284: remove (15.0)

S
|
|
|
|
|
|
|
|
|
|
|
|
|
|

e )

Number of Leaves : 16

Size of the tree : 31

Figure A.6: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 6 Left Out in
Training
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J48 pruned tree

| maxSpeed <= 0.052469: electron (268.0)
| maxSpeed > 0.052469
| | BBDiagLen <= 17.204651: electron (67.0/5.0)

| startEndDist <= 56.435804
| startEndCosineAngle <= -0.707107

| BBDiagLen
| BBDiagLen

|1 BBDiagAn ge
| | | BBDiagLen
| | | BBDiagLen
!

| | strokelLength <= 162.691209: move (6.0)
| | strokelLength > 162.691209: remove (27.0/1.0)

startEndDist > 56.435804

| strokeLength <= 122.552041: bond (161.0)
| strokeLength > 122.552041

|

|

Number of Leaves : 16

Size of the tree : 31

Figure A.7: Leave One Out Cross Validation: Paper-Pencil Techniques Participant 7 Left Out in
Training
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J48 pruned tree

maxSpeed <= 0.052469: electron (264.0)
maxSpeed > 0.052469
| strokeLength <= 40.633885: electron (54.0/2.0)
| strokeLength > 40.633885
I 1 angleTrav9 <= 6.038207: remove (9.0/1.0)
| | angleTrav9 > 6.038207: electron (8.0)
startEndDist <= 56.435804
| startEndCosineAngle <= -0.6

angleTrav9 <= 3.60524
| cosineStartAngle <= -0.808736: remove (4.0)
| cosineStartAngle > -0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524
| angleTravi1 <= 9.58703: move (110.0)
| angleTravii > 9.58703
I | startEndCosineAngle <= -0.824042: move (8.0)
| | startEndCosineAngle > -0.824042: remove (6.0/1.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiaglLen <=35.510562: remove (4.0)

I
I
| | BBDiagLen > 35.510562
I 1 | cosineStartAngle <=-0.090536: bond (2.0)

I 1 | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505
| | angleTravil <= 4.993609
I 1 | angleTrav9 <= 5.092895: remove (29.0)
I I | angleTravd > 5.092895: move (6.0)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I | | angleTravil >4.993609: remove (174.0)

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

startEndDist > 56.435804

| strokeLength <= 122.552041: bond (159.0)
| strokeLength > 122.552041

I

I

Number of Leaves : 21

Size of the tree : 41

Figure A.8: Leave One Out Cross Validation: Undo Participant 1 Left Out in Training
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J48 pruned tree

strokeLength <= 40.633885: electron (298.0/2.0)

strokeLength > 40.633885

| pathDuration <= 441

I | maxSpeed <= 0.052469: electron (3.0)

I 1 maxSpeed > 0.052469: remove (8.0)

| pathDuration > 441: electron (26.0)
startEndDist <= 56.435804
| startEndCosineAngle <=-0.6

angleTrav9 <= 3.60524
| cosineStartAngle <= -0.808736: remove (4.0)
| cosineStartAngle >-0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524
| angleTravii <= 9.58703: move (110.0)
| angleTravil > 9.58703
| | startEndCosineAngle <= -0.824042: move (8.0)
| | startEndCosineAngle > -0.824042: remove (6.0/1.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiagLen <= 35.510562: remove (4.0)

I
I
| | BBDijagLen > 35.510562
I I | cosineStartAngle <= -0.090536: bond (2.0)

I 1 | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505

I | angleTravii <= 4.993609

I 1 | angleTrav9 <= 5.092895: remove (29.0)

I 1 | angleTrav9 > 5.092895: move (6.0)

I I angleTravii > 4.993609: remove (174.0)
tartEndDist > 56.435804

s
| strokeLength <= 122.552041: bond (160.0)
I
I
I

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

strokeLength > 122.552041

Number of Leaves : 21

Size of the tree : 41

Figure A.9: Leave One Out Cross Validation: Undo Participant 2 Left Out in Training
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J48 pruned tree

maxSpeed <= 0.052469: electron (255.0)
maxSpeed > 0.052469
| strokeLength <= 40.633885: electron (63.0/2.0)
| strokelLength > 40.633885
I 1 angleTrav9 <= 6.038207: remove (9.0/1.0)
| 1 angleTrav9 > 6.038207: electron (8.0)
startEndDist <= 56.435804
| startEndCosineAngle <=-0.6

angleTrav9 <= 3.60524
| cosineStartAngle <= -0.808736: remove (4.0)
| cosineStartAngle >-0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524
| angleTravii <= 9.58703: move (110.0)
| angleTravil > 9.58703
| | startEndCosineAngle <= -0.824042: move (8.0)
| | startEndCosineAngle > -0.824042: remove (6.0/1.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiagLen <= 35.510562: remove (4.0)

I
I
| | BBDijagLen > 35.510562
I I | cosineStartAngle <= -0.090536: bond (2.0)

I 1 | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505

I | angleTravii <= 4.993609

I 1 | angleTrav9 <= 5.092895: remove (29.0)

I 1 | angleTrav9 > 5.092895: move (6.0)

I I angleTravii > 4.993609: remove (174.0)
tartEndDist > 56.435804

s
| strokeLength <= 122.552041: bond (159.0)
I
I
I

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

strokeLength > 122.552041

Number of Leaves : 21

Size of the tree : 41

Figure A.10: Leave One Out Cross Validation: Undo Participant 3 Left Out in Training

77



J48 pruned tree

maxSpeed <= 0.052469: electron (261.0)
maxSpeed > 0.052469

| strokeLength <= 40.633885

I | maxSpeed <=0.057778

I 1 | cosineStartAngle <=-0.4741: remove (2.0)
I 1 | cosineStartAngle >-0.4741: electron (6.0)
I | maxSpeed > 0.057778: electron (49.0)

| strokeLength > 40.633885

I 1 angleTrav9 <= 6.038207: remove (9.0/1.0)

| | angleTrav9 > 6.038207: electron (8.0)

startEndDist <= 57.078893
| startEndCosineAngle <= -0.6
| BBDiagAngle <= 0.276097: remove (7.0)

angleTrav9 <= 3.60524

| cosineStartAngle <= -0.808736: remove (4.0)

| cosineStartAngle > -0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524

| angleTravi1 <= 9.58703: move (110.0)

| angleTravii > 9.58703

I | startEndCosineAngle <= -0.824042: move (8.0)

| | startEndCosineAngle > -0.824042: remove (6.0/1.0)

I
[
1
1
[
1
1
[
1
1
| startEndCosineAngle >-0.6
I
I
I
I
I
I
I
I
I
I

strokeLength <= 48.950316

| strokeLength <= 43.633885: electron (8.0/1.0)
| strokeLength > 43.633885

| | BBDiaglLen <= 35.341194: remove (2.0)

I

I

I

I

| 1 1 BBDiagLen >35.341194: bond (2.0)

| strokeLength > 48.950316

| | angleTravi1 <= 4.993609

[ 1 | angleTrav9 <= 5.092895: remove (30.0/1.0)
[ | | angleTrav9 > 5.092895: move (6.0)

| | angleTravi1 > 4.993609: remove (179.0/1.0)
startEndDist > 57.078893

| strokeLength <= 122.552041: bond (161.0)

| strokelLength > 122.552041

I

I

Number of Leaves : 21

Size of the tree : 41

Figure A.11: Leave One Out Cross Validation: Undo Participant 4 Left Out in Training
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J48 pruned tree

| strokeLength <= 40.633885: electron (30.0/1.0)
| strokeLength > 40.633885

| | angleTrav9 <= 6.283185: remove (9.0/1.0)

| 1 angleTrav9 > 6.283185: electron (11.0)
startEndDist <= 56.435804

| startEndCosineAngle <=-0.6

angleTrav9 <= 3.60524
| cosineStartAngle <= -0.808736: remove (4.0)
| cosineStartAngle > -0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524
| angleTravil <= 9.58703: move (110.0)
| angleTravi1 > 9.58703
| | startEndCosineAngle <= -0.824042: move (8.0)
| | startEndCosineAngle > -0.824042: remove (6.0/1.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiagLen <= 35.510562: remave (4.0)

[
I
| | BBDiaglLen > 35.510562
I | | cosineStartAngle <=-0.090536: bond (2.0)

I I 1 cosineStartAngle > -0.090536: electron (2.0)
| maxSpeed > 0.086505
| | angleTravil <= 4.993609
I I 1 angleTrav9 <= 5.092895: remove (29.0)
I I | angleTrav9 > 5.092895: move (6.0)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I | | angleTravil >4.993609: remove (174.0)

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

startEndDist > 56.435804

| strokeLength <= 122.552041: bond (159.0)
| strokeLength > 122.552041

I

I

Number of Leaves : 21

Size of the tree : 41

Figure A.12: Leave One Out Cross Validation: Undo Participant 5 Left Out in Training
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J48 pruned tree

| maxSpeed <= 0.052469: electron (258.0)

| maxSpeed > 0.052469

| | strokeLength <= 40.633885: electron (60.0/2.0)
| | strokeLength > 40.633885

I 1 | angleTrav9 <= 6.038207: remove (9.0/1.0)

I 1 | angleTrav9 > 6.038207: electron (8.0)

B

startEndDist <= 56.435804

| startEndCosineAngle <=-0.6

angleTrav9 <= 3.60524
| cosineStartAngle <= -0.808736: remove (4.0)
| cosineStartAngle > -0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524
| angleTravi1 <= 9.58703: move (110.0)
| angleTravil > 9.58703
| | startEndCosineAngle <=-0.824042: move (8.0)
| | startEndCosineAngle > -0.824042: remove (6.0/1.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiaglLen <= 35.510562: remove (4.0)

I
I
| | BBDiaglLen >35.510562
I | | cosineStartAngle <=-0.090536: bond (2.0)

I | | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505

| | angleTravi1l <= 4.993609

I | | angleTrav9 <= 5.092895: remove (29.0)

I | | angleTrav9 > 5.092895: move (6.0)

I | angleTravii > 4.993609: remove (174.0)

startEndDist > 56.435804
|
[
[
|

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

strokeLength <= 122.552041: bond (159.0)
strokeLength > 122.552041

Number of Leaves : 21

Size of the tree : 41

Figure A.13: Leave One Out Cross Validation: Undo Participant 6 Left Out in Training
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J48 pruned tree

maxSpeed <= 0.052469: electron (255.0)
maxSpeed > 0.052469

| strokeLength <= 40.601126: electron (63.0/2.0)
| strokelLength > 40.601126

I 1 angleTrav9 <= 6.038207: remove (9.0/1.0)

| 1 angleTrav9 > 6.038207: electron (8.0)
startEndDist <= 56.435804

| startEndCosineAngle <=-0.6

angleTrav9 <= 3.60524
| cosineStartAngle <= -0.808736: remove (4.0)
| cosineStartAngle >-0.808736: electron (2.0/1.0)
angleTrav9 > 3.60524
| angleTravii <= 9.58703: move (110.0)
| angleTravil > 9.58703
| | startEndCosineAngle <= -0.824042: move (8.0)
| | startEndCosineAngle > -0.824042: remove (6.0/1.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiagLen <= 35.510562: remove (4.0)

I
I
| | BBDijagLen > 35.510562
I I | cosineStartAngle <= -0.090536: bond (2.0)

I 1 | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505
I | angleTravii <= 4.993609
I 1 | angleTrav9 <= 5.092895: remove (29.0)
I 1 | angleTrav9 > 5.092895: move (6.0)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I I I angleTravii > 4.993609: remove (174.0)

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

startEndDist > 56.435804

| strokeLength <= 122.552041: bond (160.0)
| strokelLength > 122.552041

I

I

Number of Leaves : 21

Size of the tree : 41

Figure A.14: Leave One Out Cross Validation: Undo Participant 7 Left Out in Training
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J48 pruned tree

strokeLength <= 41.306608: electron (307.0/2.0)
strokeLength > 41.306608

| maxSpeed <= 0.059172: electron (20.0)

| maxSpeed > 0.059172

| | angleTrav9 <= 6.038207: remove (8.0)

| 1 angleTrav9 > 6.038207: electron (2.0)
startEndDist <= 56.435804

| startEndCosineAngle <=-0.6

| angleTrav9 <= 3.60524: remove (5.0/1.0)
| angleTrav9 > 3.60524
I I angleTravii <= 10.253431: move (111.0)
I | angleTravil > 10.253431
I 1 | startEndCosineAngle <= -0.824042: move (7.0)
I I | startEndCosineAngle > -0.824042: remove (5.0)
tartEndCosineAngle > -0.6
pathDuration <= 256
| angleTrav9 <= -0.785398: electron (6.0)
| angleTrav9 > -0.785398: bond (5.0/1.0)
pathDuration > 256
maxSpeed <= 0.086505
| BBDiagLen <= 35.510562: remove (4.0)

I
I
| | BBDijagLen > 35.510562
I I | cosineStartAngle <= -0.090536: bond (2.0)

I 1 | cosineStartAngle >-0.090536: electron (2.0)
| maxSpeed > 0.086505
I | angleTravii <= 4.993609
I 1 | angleTrav9 <= 5.092895: remove (29.0)
I 1 | angleTrav9 > 5.092895: move (6.0)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I I I angleTravii > 4.993609: remove (174.0)

s
I
I
I
I
I
I
I
I
I
I
I
I
I
I

startEndDist > 56.435804

| strokeLength <= 122.552041: bond (159.0)
| strokelLength > 122.552041

I

I

Number of Leaves : 20

Size of the tree : 39

Figure A.15: Leave One Out Cross Validation: Undo Participant 8 Left Out in Training
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