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Extending KeystrokeExplorer for Visualization of Diverse Student
Coding Strategies via Temporal Abstract Syntax Trees

Thesis Abstract — Idaho State University (2023)

For many beginning CS students, being able to abstractly conceptualize a programming
solution and implement that solution in an organized and effective manner can be difficult. We
present a method to measure and compare student coding processes in introductory courses.
We describe the temporal abstract syntax tree (TAST), a model that enables visualization
of the student coding process and from which can be derived metrics for characterizing a
student’s programming strategy. We define a TAST and provide the method of deriving a
TAST from keystroke data and an abstract syntaz tree (AST). We define visualizations and
metrics derived from the TAST model that summarize and highlight a student’s programming
process. We illustrate the application of these visualizations and metrics on a dataset
of real-world student code submissions and two different controlled validation datasets in
order to demonstrate the range of applications and insights that can be gathered from our
methods. Our visualizations and metrics have been implemented into a web tool called
KeystrokeExplorer [21] and give the user the ability to investigate a student’s abstract
thinking process. Our added extension, labeled as the TAST extension (TASTE), allows
for the exploration of basic and custom metrics to give insight into the coding strategy of
each student. It also allows for comparative analysis across a group of students, assisting in
the identification of unique and varied coding strategies exhibited among a set of student
programming submissions for a particular assignment. We demonstrate and discuss different
ways in which this tool can be applied to student data, and we suggest ways in which this
work might be expanded upon in order to further refine efforts to identify, characterize, and

study diverse coding practices.

Keywords: abstract syntax trees, abstract computational thinking, student coding strategy,
assessment tools, visualization



Chapter 1

Introduction

In recent years, computer science (CS) pedagogical research has identified a need
for a deeper understanding of different coding practices and principles due to a lack of
success overall specifically in beginning programming courses [5]. It has been noted that
student performance in beginning programming courses commonly results in bimodal grade
distributions [3]. This result has naturally contributed to a common binary classification of
students as either “those who get it” or “those who don’t”. Despite the temptation to group
“those who get it” into a single common class, it is apparent that even among successful
beginning programmers there is exhibited a variety of successful programming strategies, and
CS education researchers have noted the need for more careful and nuanced characterization
of these varied strategies. Educators in the field of computer science commonly attribute skills
such as abstract and computational thinking as being essential for any computer scientist,
and it has also been shown that poor program planning and poor problem-solving are among
the main reasons for failure in introductory computer science classes [1, 18]. Students who
demonstrate strong computational and abstract thinking skills have shown greater success in
introductory CS courses compared to students who have weaker computational and abstract
thinking skills [18].

In CS education, a common way to measure student success is by assessing a final
product submitted by a student whether it be a project, an assignment, or an assessment [17].
Only in a handful of cases do we start to assess the process that a student demonstrated over
the period of time it took to formulate the final product. Piech et al.[17] state that students
in introductory courses can still find successful solutions to assignments even though they are
not fully comprehending necessary conceptually abstract concepts that they will need for
future success in the field (e.g., by trial and error, excessive reliance on teaching assistants or

other students, etc.). Introductory courses are key building blocks in a student’s education



and being able to identify and address these deficiencies in a student’s programming ability
early is important. Assessing how a solution was developed is a meaningful task that can
provide more detailed feedback for students. However, manually sorting through student data
to analyze the student thought process is a daunting and time-consuming task for instructors.
There is a need for the development of methods that allow the analysis of the student coding
process in a way that is automated and is easy to gather information at a glance.

A common way that the literature groups different types of programmers are into
tinkerers or planners [5]. There exists a tendency to assume that one group, the planners,
are the superior programmers. This binary way of grouping programming strategies leaves
little room to characterize the intricacies of coding a solution. This way of grouping also
leads us to assume that there are only two types of programmers: those who get it and those
who don’t. Blikstein et al.[5] reveal through their research that “... success in computer
programming is a tale of many possible pathways.” Their research has highlighted that an
effective way to determine the factors that lead to student success in introductory courses
is by categorizing student coding patterns and strategies. There is a need for new ways to
reference a greater number of programming strategies and ways to measure these strategies.
Identifying and measuring these coding processes can reveal the strengths and weaknesses of
novice programmers and can lead to student success.

In order to be able to investigate the student coding process in an efficient way, we have
designed and implemented an extension, which we have named the TAST extension (TASTE),
in a web-based tool called KeystrokeExplorer [21]. In addition to allowing visualization of
the correlations between basic measurable attributes of programmatic solutions (e.g., grades,
number of comments, and number of keystrokes), this extension also facilitates visualization of
custom metrics (i.e., metrics that a user defines that can be derived from keystroke and other
code data in an attempt to represent the measurement of a subjective, abstract, qualitative
aspect of the coding process). As an example of such a custom measure, we attempt to define

metrics representing attentiveness (i.e., the act of programming a programmatic element to



completion) and foresight (i.e., the ability to see what key programmatic elements the final
submission will need to contain in order to solve the problem at hand). These custom metrics
rely on measurements of the code represented via a novel data structure—a temporal abstract
syntazx tree (TAST)—designed to represent the temporal evolution of a student’s abstract
thinking process. From TAST we derive a number of custom metrics that aim to summarize
aspects of the student’s abstract thinking process (e.g., student foresight, attentiveness, etc.)
which can subsequently be examined for correlation with other basic or custom metrics.
TASTE has potential uses in a pedagogical setting, which includes student and instructor use
to understand student coding processes in real time to improve student understanding, and
in a pedagogical research setting, which includes the use of the tool to develop new metrics
that can measure programming skills or strategies in a single value. The ability to compare
different student coding metrics alongside a code playback tool can give professors, students,
and researchers the capability to identify important information about the ability of novice
student programmers and insight into different coding strategies. The goal of this paper is to
present TASTE and our visualization methods along with possible uses for interpreting and
applying our extension.

In Chapter 2 (published in the Proceedings of the 2022 Intermountain Engineering,
Technology, and Computing (i-ETC) Conference [15]), we prove the existence of TAST for any
compilable project along with the method for deriving a TAST from a Code Process Chart
(CPC). In Chapter 3, we explain the development of the TASTE tool and its incorporation
into KeystrokeExplorer. We revisit the TAST model and define a method for deriving a
TAST from keystroke data. Additionally, we define other visualizations and custom metrics
derived from TAST. A set of examples is included to explore the different visualizations
generated from TASTE to illustrate the possible applications of our extension. We conclude

by offering our ideas for future work and reflections on the work presented.



Chapter 2
Temporal Abstract Syntax Trees for Understanding Student Coding Thought

Process

Paper submitted and accepted to Intermountain Engineering, Technology, and Computing

(i-ETC) Conference 2022

Abstract

In computer science (CS) academia it can be a challenge to help beginning students develop
the thought process to be successful software engineers. Although code is implemented in a
linear manner, the mental construction and problem-solving process is commonly nonlinear,
requiring a high-level vision of class structures, control flow, etc., before any code is physically
written. This concept can be difficult for beginning CS students to comprehend and use in
their own coding projects. We provide a visualization that aims to help students more easily
understand the coding thought process. This is accomplished by collecting keystroke data and
incorporating it into an abstract syntax tree (AST) which creates a temporal abstract syntaz
tree (TAST). We provide the necessary information to prove that this visualization exists
for any student’s project where keystroke data is collected. We also refer to another type of
keystroke visualization known as a Code Process Chart (CPC) that provided inspiration for
TAST. The goal is to eventually use these TASTs alongside their corresponding CPCs to

help students understand and improve their own coding thought processes.



2.1 Introduction

It is commonly observed in computer science (CS) academia that grades in introductory
CS classes suffer from a reverse bell curve, or a bimodal grade distribution [3]. Instead of
most of the class passing with few students on the extreme ends of the spectrum (A and F),
in bimodal distribution students either pass with flying colors or fail, with few students in
the middle. Bridging this gap can be challenging. We hypothesize that one of the possible
causes for this divide in introductory classes, and even between beginning programmers and
experienced programmers, is the thought process a student uses when coding a project.

When a student begins coding, most project tasks are simple (e.g., print “Hello World”,
create a for loop, etc) and only require students to implement a few lines of code. As projects
become more complex, it can be difficult for students to comprehend the whole project at
once. By contrast, when given a project of similar scope, an experienced coder is often able
to immediately identify a plan of action. This includes identifying classes to be implemented,
control flow structures needed to solve a particular part of the problem, etc. They can see
the project as a whole and not just one section at a time. This skill is typically heavily
underdeveloped for a beginning programmer. Without the vision to see the project as a
whole, the student will write the code line by line, with little vision of future sections of the
project. We hypothesize that the sooner a student can learn to see past the next line of code,
the more success the student will find. We identify the experienced coder’s thought process
as “abstract.”

Explaining this concept to a beginning CS student can be difficult. To help alleviate
the difficulty of teaching this concept, we have developed a visualization to show students
these different types of thought processes. With the end goal of investigating these and other
questions, we have designed and implemented a novel visualization called a temporal abstract
syntax tree (TAST). We combine keystroke data, in the format of a Code Process Chart
(CPC), with abstract syntaz trees (ASTs) to create a new type of visualization we refer to

as a TAST. An AST is a tree representation of compilable code. Each node represents an



element in the code. Bigger, more broad objects such as functions and for loops will appear
higher in the tree while variables and constants will appear closer to the end of the tree. The
nodes of the tree are connected to the other nodes associated with it. For example, the leaf
nodes branching off a function node will represent different loops and variables located within
that function.

The TAST model conveys information about the student coding process that can be
used to teach students about the abstract thinking process. We provide an explanation of

how a TAST is derived by also proving its existence.

2.2 Related Works

In recent works, ASTs have been used to assist in software evolution analysis [11, 16], to
visualize project contribution [8], and to detect plagiarism [12]. ASTs provide a meaningful
way to visualize code in that they highlight high-level aspects of code while abstracting away
from detailed syntax. We can isolate what is really going on. For example, we can compare
an AST with one version of code to another to see what nodes were added and therefore
what functionality was added. This makes ASTs great for software evolution analysis and
analyzing contributions to a group project. ASTs are often unique, and two pieces of code
that solve the same problem do not often have the same tree. That is why ASTs can be used
to detect plagiarism.

Research involving keystroke data has been applied in a multitude of ways. One major
application has been to detect cheating, especially in online classes [6, 13]. Being able to
track pasting into projects is an obvious way to use keystroke data to identify plagiarism,
but research has even identified ways to identify student patterns through keystroke data, so
if another person is coding for a student, it can be detected. Keystroke data has also been
collected in hopes of being able to predict which students will pass and which students will
fail their introductory coding class in order to identify which students will need help [4, 7].

This type of information can help professors give extra help to students in need before it is
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too late in the semester. Our approach is similar because of our intention to help introductory
CS students. We are more interested in the order in which the keys were pressed for a given
project. We hypothesize that the temporal keystroke data combined with an AST for the
same project can give us insight into the thought process of a student and that the resulting

TAST model can help students understand how to improve their own coding thought process.

2.3 Methods

Before going into depth, we define some key terms. A Code Process Chart (CPC) is a 2D
graph that compares the final version of the code against a snapshot of the code at each
keystroke [21]. The z-axis represents every character in the final code from beginning to end
and the y-axis is used to denote how the current snapshot differs from the final version. An
example of a CPC can be seen in Fig. 2.2. A TAST is an AST that incorporates keystroke
data. Each node will be labeled based on the snapshot number in which that node was
created. Each node can be altered in size or color based on this snapshot number.

The remainder of this section provides proof that there exists a TAST for a given

CPC as long as the final snapshot of the CPC is a compilable piece of code.

2.3.1 Proof

We will now prove the existence of a TAST given a compilable piece of code and a CPC with
proof by construction.

Assume we have a CPC where the final piece of code is compilable. The compilable
piece of code, with n characters and m words, along with annotated keystroke data can
be represented as two lists. The first list C' = [cy, ¢a, ..., ¢,] is a list of each character, or
letter, in the code, where ¢; represents the ith character in the final code. The second list
L =[l,ls,...,1,] represents a list of snapshot values associated with each character in the code
where [; is the number of the snapshot where the ith character first appears. In order to find

L, we need access to the CPC. The CPC can be represented as a 2D matrix D = [dy, da, ..., dy]
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where d, represents the rth row in the CPC and the CPC consists of y rows. Each row d,. is
represented as a list of Os and 1s so that d, = [by, by, ..., b,] where b; represents whether or
not ¢; exists on the rth snapshot of CPC, where 0 means ¢; does not exist and 1 means ¢;

exists. With reference to D and C, the list L is created using Algorithm 1.

Algorithm 1 Character Snapshot

1: Initialize a snapshots list L, pass in a string list C, and a 2D matriz D
2: for char in range(len(C)) do

3: creation_index = 0

4 reverse_counter = len(D) — 1

5 for row in range(len(D)) do

6: current_row = D[reverse_counter|

7

8

9

if current_row[char] == 0 then
break
else
10: creation_index = reverse_counter
11: reverse_counter— =1

12: L.append(creation_index)

By tokenizing code into words, we get a list W = [wy, ws, ..., w,,| where there are m
words in the final code and w; represents the jth word in the code. We then need a new
snapshot list S = [s1, So, ..., S5 Where s; represents the snapshot value where the jth word
was created. We use L and C' to match each word in the code to its creation snapshot value.
This can be done with Algorithm 2.

Once each word in the code has an associated snapshot value, the next step is to
build an AST for the code. We know that such an AST exists based on our assumption
that the code is compilable. Using the Python library “ast”, we pass the library object
the code string, and it creates an AST object of the code. We then walk through the tree,
storing each node and edge in associated lists called nodes and edges. When visiting each
node, we use “ast.get_code_segment(code, node)” that, given a node in the AST and the
code that created the tree object, will return the code responsible for that node. This is
possible because the tree object stores information about the start and end locations of the

node in reference to the code. This function returns a string seg which is the segment of the
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Algorithm 2 Character to Word

1: Initialize a snapshots list S, pass in a list L and a string list C
2: code_index =0

3: for word in W do

4: length = len(word)

5 cont = True

6 while cont do

7 if C[code_index] == word[0] then

8: S.append(labels|code;ndex])

9: code_index+ = length

10: cont = Fulse

11: else
12: code_index+ =1

13: return S

Algorithm 3 Node to Snapshot

1: Pass in a node g,, a string list C, a list W, a list S, and a number num_rows
2: seg = ast.get_code_segment(C, g,)
3: P = seg.split()
4: q = len(P)
5. start_inder = —1
6: k=0
7. 5=0
8 cont = True
9: while cont = True do
10: word = W|j]
11: pk = P[k‘]
12: if word == p_k then
13: if £ == 0 then
14: startandexr = j
15: if k==¢g—1 then
16: cont = False
17: k+=1
18: else
19: start index = —1
20: k=20
21: if j ==len(W) — 1 then
22: cont = False

23: v, = S|start_index]
24: return v,

11



code that relates to the node. When tokenized, we get P = [p1,ps, ..., p,] Where seg has ¢
words and p;, represents the kth word in seg. Next, we need to create a sequence of ordered
pairs G = ((g1,v1), ..., (ga, Vo)) Where there are a nodes, g, represents the zth node, and v,
represents the snapshot number where the zth node was created. We can connect each node
with its snapshot value using Algorithm 3.

We can then use the nodes and edges list to draw an AST and can use G to label
each node g, with the associated snapshot value v, to create a TAST. This value can also be
used to change the size or color of the node. Therefore, given a CPC where the last snapshot

is a compilable piece of code, there exists a TAST for that code.

2.4 Results and Discussion

Within a TAST, the lighter a node is in color, the earlier the node was created. Nodes closer
to the root of the tree represent more abstract constructs of programming, like loops and
class structures. Leaf nodes represent variables and variable values. We hypothesize that a
tree representing a skilled and experienced programmer, or someone who understands the
abstract thought process of coding, would have the most yellow nodes near the root and
the most orange nodes in the leaves. On the other hand, a novice programmer or someone
who codes more linearly would have the opposite effect, with yellow nodes at the leaves and
orange nodes near the root, or might have a random disbursement of color.

We have provided an example of a TAST, using color to represent the time dimension,
created by using the methods described in the above proof (see Fig. 2.3). At first glance, this
example shows signs of a software engineer who visualizes the code at a higher level. The
nodes at the top of the tree near the root are yellow and light orange, indicating that these
nodes correspond with the code written in the earliest stages of the coding process for this
particular project. The bottom left of the tree is a dark orange, which means these nodes

were created near the end of the coding process. The bottom right of the tree is intermixed

12
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Figure 2.4: Depth Chart Example. Shown is an example of a tree depth chart for a TAST.
For a given time step t, the chart shows the average height of all TAST nodes completed
before t. Our hypothesis is that this type of visualization can be used to highlight differences
in the level of abstraction at which programmers of varying levels of expertise begin thinking
about and encoding solutions to programming problems.

with yellow and orange. This indicates that the engineer might have created these nodes
initially and then came back and revised them at a later time.

This particular example represents a fairly linear piece of code and it lacks the nonlinear
elements we previously discussed (loops, class structures, etc.). Moving forward we expect to
find more examples of student code that are nonlinear in nature. In this way, we can start
to test our hypotheses. We also intend on studying pieces of code created by higher-level
students, in order to compare novice programmers to experienced ones.

Moreover, we anticipate improving this visualization tool by implementing the slide
bar feature that the CPC tool already has implemented. This way, we can see the code and
the visuals side by side, but we can also see the TAST being built in real-time. This gives us
a chance to isolate nodes and see the code at the same time. An example of another type
of visualization can be seen in Fig. 2.4. This visualization represents the average height of
a TAST over time. For example, if the first node created had a tree depth of 7, then the
first bar would have a value of 7. Then if the next node created had a tree depth of 5, then
the second bar would be 6, and so on and so forth. We intend into using this visualization
and possibly develop others to find what best helps students understand the abstract coding

process.
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Chapter 3
Measuring Coding Strategies in Novice Programmers via Extension of Temporal

Abstract Syntax Trees

Paper written for submission to ACM Global Computing Education (CompEd) Conference
2023

Abstract

Abstract thinking and problem-solving skills are a necessity for enabling students to become
proficient in computer science (CS) and programming. Many beginning CS students have
difficulty efficiently executing the abstract process of mentally organizing and planning an
effective programming solution. We have developed an extension named TAST extension
(TASTE) that implements temporal abstract syntax trees (TAST)—an abstract syntaz tree
(AST) in which tree nodes are labeled with the order in which the code underlying the nodes
was created—and several derived metrics in an existing web tool known as KeystrokeExplorer
[21]. We define how TAST is derived from keystroke data and an AST. We define several
basic and custom metrics to summarize the student coding process in order to compare one
student against other students. Additionally, we present the incorporation of these methods
into TASTE in order to analyze the different student coding strategies. We illustrate the
application of these methods on two handcrafted validation datasets and on a dataset of
real-world student code submissions, highlighting how these metrics can be examined for
a deeper understanding of the student coding process. We discuss and demonstrate ways
in which this tool can help instructors, students, and researchers to identify and examine

different student coding strategies.
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3.1 Introduction

Whereas grades in many academic disciplines follow a bell curve, introductory computer
science (CS) courses are unique in that they tend to suffer from a bimodal grade distribution.
[3]. In CS, a high number of students fail, a high number of students excel, and a low
number of students receive a grade somewhere in the middle. Research has suggested various
strategies to addressing the issue of bimodal grade distributions, including catering to the skill
level of students predicted to be at high risk of failure [4] and identifying and instilling habits
common among successful students [22]. Among the chief causes of failure in introductory
CS courses are poor program planning and poor logic, reasoning, analytical thinking, and
problem-solving skills [1]. Abstract thinking is a skill that educators commonly link to CS,
and it has been shown that students with stronger abstract thinking skills have greater
success in CS courses than those with weak abstract thinking skills [18]. Moreover, novice
programmers build and retain these key concepts and programming skills early on in their
degree because they are prerequisites to being able to master other CS concepts [9]. Students’
ability to think abstractly about programmatic ways of solving problems even before touching
a keyboard is one of the foremost fundamental skills taught in any introductory programming
course and a skill that remains relevant throughout students’ journey as software developers.

We present a new method for investigating the student coding process with the TAST
extension (TASTE). We use temporal abstract syntaz trees (TASTs) (see Figure 3.1), along
with other derived visualizations and keystroke data, to calculate and gather measurements
for a pair of custom metrics—foresight and attentiveness—which we define mathematically
as a function of more basic metrics. The TASTE allows for these metrics to be visualized for
student assignments. The extension is implemented within an existing web tool known as
KeystrokeExplorer [21]. KeystrokeExplorer allows a user to walk through a Python solution
with the use of a code playback bar. The KeystrokeExplorer’s code playback feature alongside
TASTE creates an interactive sandbox for exploring the student coding process. TASTE

uses summary statistics that facilitate meta-level comparative analyses of student coding
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Figure 3.1: Temporal Abstract Syntax Tree (TAST) Example. This figure is an
example of a temporal abstract syntazx tree (TAST) for Student 1 and Assignment 6 in the
real-world dataset provided by Dr. John Edwards and his research team at Utah State
University [21]. The darker blue vertices represent earlier creation values and the darker red
vertices represent later creation values. The corresponding depth chart can be seen in Figure
3.5 and the corresponding Code Process Chart (CPC) is pictured in Figure 3.3.

processes across students for a given assignment. The code playback feature allows for the
in-depth investigation of a particular student assignment.
Our motivation in developing TASTE has been to address the following long-term

research questions:

1. How can the student coding process be visualized to identify and understand different

problem-solving strategies?

2. What metrics can be used to quantify and characterize different problem-solving

strategies in the student coding process?

3. How can visualizations of and metrics describing different problem-solving strategies be
leveraged by instructors and students to improve students’ abilities to recognize and

implement effective problem-solving strategies in the student coding process?

The goal of our research is to provide a precise description of the TASTE tool and our
developed visualizations and metrics along with examples of how to use this model to analyze
student coding strategies. Preliminary to defining and demonstrating the application of basic
and custom metrics via TASTE, we define the method of generating a TAST model directly
from keystroke data (rather than from CPC data) and revisit the purpose of TAST as a

model for representing the temporal evolution of programmatic solutions.
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3.2 Related Works

Numerous strategies have been proposed to help address the gap in methods for characterizing
abstract problem-solving skills. Lin et al. [14] demonstrate that the implementation of live
coding in introductory coding classes helps improve the abstract thinking abilities of students
as applied to programming. Students were able to improve their own computational thinking
skills (as measured by comparing pre and posttest grades) by watching instructors demonstrate
the process in prerecorded videos. However, their approach does not consider the process a
student uses to create a solution and only considers their improvement between test grades
and represents a return to treating such skills along a linear scale, rather than allowing for
and characterizing a variety of successful abstract thinking strategies [5]. Piech et al. [17]
argue that the final product of a programming project is not alone sufficient to assess student
comprehension in an introductory course, as the process of how a student creates a final
programming solution can reveal deeper aspects of a student’s understanding. They develop
a tool that automatically records coding snapshots as a student codes and generates machine
learning (ML) models in order to record feedback representative of the order in which the
student chooses to implement programmatic features and syntactical elements over the course
of completing the assignment. Their models that used data about a student’s process while
coding an assignment were more accurately able to predict the performance of students on
the midterm than the students’ grades for the assignments.

A recent study notes that, although there exists broad agreement that abstract thinking
is one of the most important competencies in computer science, there are as yet few sources
that provide practical definitions for this competency [24]. This same study also describes
a theoretical model of abstraction and abstract thinking in order to enable instructors to
codify abstract thinking levels in their students. Although their model does provide some
practical applicability, it does rely on subjective qualitative analyses, leaving the bulk of the
analysis to manual instructor discretion and preventing the implementation of an automated

analytical process.
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return a @béb

(a) (b)

Figure 3.2: Abstract Syntax Tree (AST) Example. Figure (a) is a simple segment
of code that contains two variables a and b, a while loop, an if statement, and a return
statement. The AST that represents the code in Figure (a) is pictured in Figure (b). Although
this example is simple, it should be noted that more complex programming structures such
as a while loop and an if statement inhabit vertices closest to the root whereas variable
assignments and operations occupy vertices closer to the leaves.

One common approach when analyzing the abstract structure of a programmatic
solution is an examination of abstract syntax trees (ASTs). An AST is a hierarchical
syntactical parsing of a program into its fundamental elements. An example of an AST
can be seen in Figure 3.2. In an AST, the most basic, concrete operations of the program
are represented at the leaf nodes whereas abstract control flow structures appear higher up
in the tree. Hovemeyer et al. [10] propose building ASTs that focus only on control flow
structures in order to evaluate how the understanding and use of control flow structures in
CS students’ assignments related to their grades. Another study explains a new tool that
combines augmented reality (AR) with ASTs to help CS students learn data structures [2].

One method to help students understand abstract thinking skills is the creation of
exercises that blend computational thinking concepts and creative thinking concepts with the

intention of improving the retention of computational skills in introductory CS students [20].
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A successful way to discover the keys to introductory student success in CS is by
detecting and defining types of coding processes and strategies [5]. Just like there are many
ways to solve a math problem, there are many ways to code a correct programmatic solution.
There is a multitude of strategies that students apply when programming [5, 19]. Turkle
and Papert[23] describe that novice programmers are usually put into one of two categories:
tinkerers and planners. Tinkerers focus on fixing and manipulating smaller subsections of
code one at a time while planners see the full solution and work on the program as a whole
connected piece of work. Conventionally, we might expect that the planners are the superior
programmers, but Turkle and Papert originally argued that neither group has superiority
when considering programmatic success and both strategies are valid ways of approaching
programming. They also suggest that since these groups have been formulated and studied,
many other studies have considered programming strategies as binary and there is a need to
consider programming strategies outside of this binary classification.

In an effort to analyze the student coding process and to identify and measure
new coding methods and strategies, we developed the TASTE feature. By visualizing and
analyzing keystroke data, we aim to uncover more knowledge about student coding and how
to categorize and demonstrate different effective coding strategies. In the following sections,
we define how TASTE utilizes the TAST model and its derived visualizations and metrics
followed by an analysis of how the methods we have developed can be applied to real-world

data.

3.3 Methods

In this section, we describe the development of the TASTE tool. We define the different
metrics currently implemented within TASTE. To fully understand the metrics provided,
we revisit the TAST model and its derived visualizations. We describe how TAST can be
derived from keystroke data rather than from a Code Process Chart (CPC) (the latter having

been defined in Chapter 2).
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3.3.1 TAST Extension

KeystrokeExplorer!, developed by Shrestha et al. [21], provides a web-based tool for exploring
keystroke data from student code submissions. Our TASTE extension? adds the ability to
visualize meta-level data for individual submissions and groups of submissions to provide
insight into the student coding process via interactive scatterplots. An image of Keystroke-
Explorer without TASTE can be seen in Figure 3.3. The TASTE extension visualizes data
derived from TAST models. Currently, TAST models and derived data are pregenerated using
Python scripts. However, we anticipate the models and data will be computed dynamically
by TASTE in the future. JavaScript and D3, a visualization library for JavaScript, were used
to integrate TASTE into KeystrokeExplorer. The D3 library provides functionality to create
well-formatted interactive scatterplots within the web tool. A figure of TASTE incorporated

in KeystrokeExplorer can be seen in Figure 3.4.

'https://edwardsjohnmartin.github.io/KeystrokeExplorer/
Zsource code at https//:github.com/edwardsjohnmartin/KeystrokeExplorer/tree/delaney
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3.3.2 Temporal Abstract Syntax Tree From Keystroke Data

An AST is a graphical model of the abstract syntax that represents a piece of source code.
These trees are most often used by the compiler to interpret source code. In general, higher-
level programming features, such as control flow structures, will form the topmost vertices and
simpler structures such as variables or print statements will form the bottom-most vertices
or leaf vertices.

In the rest of the section, we define a TAST which is an AST that also represents
the creation value for each vertex. The creation value is the keystroke timestamp that
corresponds with the code segment responsible for the creation of the vertex. The creation
value of each vertex is represented by color visually. This visual can identify which parts of
the tree are developed first and which are developed last and give us insight into the thought
process the student exercised while developing the final submission. TAST is redefined here
because our new method of deriving TAST uses a keystroke dataset instead of a CPC. A
CPC is a visualization derived from a keystroke dataset that compares each state of the
program to the final version of the code. The ability to create a TAST from a keystroke
dataset allows us to create TAST without needing to create a CPC. Before we can provide
a mathematical definition for TAST, we must first provide mathematical definitions for an

AST and a keystroke dataset.

3.3.2.1 Abstract Syntax Tree

Given a source program X, we define an AST Ay = (V, E) where V is a set of vertices
denoting constructs in X and E is a set of edges denoting the relationships between constructs
in V' as manifest in X.

3.3.2.2 Keystroke Dataset

Shrestha et al. [21] developed a PyCharm plugin that keeps a log of the character ¢; typed at

time step 7. Given a source program X, we define the keystroke data for X as a sequence
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Kx = ((co,lo, ko), - -, (ciy liy ki), ..y (eny by, kn)) where ¢; is the character typed at time step
1, l; is the location of ¢; in X, k; is the original keystroke creation value of ¢;, and n is the
number of total characters in X. We simplify K to only include characters appearing in the
final source program.

Now that we have defined an AST and a keystroke dataset, we can define a TAST.
Given an AST Ax = (V, E) for a given code submission X and a keystroke dataset Ky =
((coylo, ko), -y (cisliyki)y ooy (en, Loy k) which also represents a given code submission X', we
can define a TAST as T'= (V’/, E) where T is a copy of Ax and each v € V' has an attribute
of creation_value. An example of a TAST model can be seen in Figure 3.1.

The algorithm for assigning vertex creation values to an AST to create a TAST is
described in Algorithm 4. It should be noted that we use the Python library ast in order to
build Ax. We also assume that the creation value for each node is accurately described by the
keystroke timestamp of the first character of the corresponding code segment for simplicity.
We use the vertex attributes lineno and col_offset which provide the location for the first
character in the code segment related to a specific vertex to determine the corresponding

creation value.

3.3.3 Depth Chart

To extrapolate more information from TAST, we developed a bar chart that represents the
tree depth of each vertex in order from the first vertex created to the last vertex created.
The tree depth of a vertex is defined as the number of edges between a given vertex and the
root vertex. Given a TAST T' = (V', E), we define a depth chart as D = [dy, ..., d;, ..., dy]
where d; is the depth of the vertex that was created ith. The ith bar represents the vertex
v € V' whose temporal order is i. The depth of this bar is derived from the depth of v in
T. An example of a depth chart can be seen in Figure 3.5. The x-axis represents the order

in which nodes were implemented, with the leftmost bar representing the root of the TAST
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Algorithm 4 Create TAST

1: Inputs: source code X as a string and keystroke data Kx =
((CQ, lg, ko), ey (Ci, li; ]{JZ>, ey (Cn, ln, kn))

2: Outputs: a temporal abstract syntaz tree T=(V’E).

3: Tx = ast.parse(X) > Initialize Tx = (V, E') as the AST for X

new_lines = [0] > This list will be responsible for holding the index values of the first

character of each new line.

>

5: for i in range(len(X )) do

6: if X[i] == “\n” then

7: new _lines.append(i + 1)

8 for vin V do

9: lineno = v.lineno — 1 > The attribute lineno is 1-based.
10: col = v.col,f fset

11:  index = newines|lineno| + col
12: for (¢;, l;, k;) in Kx do

13: if index == [; then

14: v.creation_value = k;
15: break

16: return T'x

(which represents the submission as a whole). The height of each bar corresponds with the

depth of the associated node in the TAST.

3.3.4 Metrics for Characterizing Student Coding Strategies

We define several metrics by which to measure a student’s coding submission and a student’s
coding strategy. The metrics we define are only a portion of all possible metrics that can
be used to evaluate student performance and the programming process. The TASTE tool is
designed to be easily extended with additional metrics. For our research purposes, we look at
several basic metrics as well as two custom metrics. We use the term custom metrics to refer
to metrics that a user defines that attempt to represent the measurement of a subjective,
abstract, qualitative aspect of the coding process. The two custom metrics that we have
defined are attentiveness—which we define as the act of programming a programmatic element
to completion)—and foresight, which we define as the ability to see from the beginning what

key programmatic elements the final submission will need to contain in order to solve the
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Figure 3.5: Depth Chart for Student 1 Assignment 6. This depth chart is for Student
1 Assignment 6, which correlates with Figure 3.1 and Figure 3.3. At a glance, we can see that
there are shorter bars on the left-hand side of the graph and taller bars on the right-hand
side of the graph. This suggests that nodes closer to the root node were coded first and that
the leaf nodes were not coded until later in the development of the solution.

problem at hand. As an example of high attentiveness, we envision a student who starts
coding a function and finishes coding the function before moving on to other parts of the
code. As an example of high levels of foresight, we envision a student who writes out all their
function signatures prior to implementing the bodies of those functions.

Many of these metrics attempt to directly measure a sense of linearity in the student’s
thought process. For example, once a student defines a function signature or the heading
of a while loop, do they immediately code the body of that function or loop from top to
bottom, or do they jump around and develop other parts of the solution first? Perhaps the
student encoded the body of the loop first and only later came back to make it a loop. We
are able to measure (to some extent) this notion of linearity in code development by looking
at patterns in the height and depth charts produced for a particular TAST. For example, for

a student that codes the heading of a loop and then immediately implements the body of the
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Figure 3.6: Example of Monotonicity. This figure features a depth chart and a TAST
model for the same assignment. The section highlighted in green in the depth chart and in the
TAST represents the same segment of the code. The bars for the depth chart corresponding
with the segment of code are monotonically increasing, meaning that the bars are either
growing in height or staying the same height from left to right. Once the segment of code
was started, it was coded to completion.

] ® ®

loop from top to bottom, this behavior creates a sequence of monotonically increasing bars
in the depth chart (see Figure 3.6). Thus, we define the monotonicity of a TAST depth chart
as the percentage of bars (in order of increasing = value) that have a greater or equal y value
than the bar immediately preceding it. With this definition, a monotonicity score of 1 would
be assigned to a TAST in which function headings and control flow structures are all encoded
prior to their bodies being implemented. The goal of this metric is to create a spectrum
along which to measure solutions based on the order in which instructions are implemented
rather than on the final resulting artifact. Monotonicity largely serves to determine whether
a student generally implements code associated with high-level nodes in the AST before code

associated with the lower-level nodes (all else held equal).
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An AST behavior graph is a visualization that looks at the student coding process over time
and was developed by Shrestha et al.[21]. The x-axis represents the cumulative number of
keystrokes and the y-axis represents the number of nodes in the AST for the code state
after a given number of keystrokes. A point only exists if the code state is compilable. An
example of an AST behavior graph can be seen in Figure 3.7. We define the monotonicity for
an AST behavior graph in the same way as it is defined for a TAST depth chart (ignoring
uncompilable states). In the context of an AST behavior graph, the monotonicity metric
serves to measure how often a student is deleting code that results in the removal of AST
nodes. This again helps to create a spectrum along which to measure solutions based on
coding behavior rather than on the final resulting artifact.

The following list itemizes the metrics that are currently implemented within the

TASTE tool:

e grade - The grade a student received for the specified assignment

e height - Represents the TAST tree height for the given student assignment. Tree height

is defined as the number of vertices in the longest branch of a tree graph.

e number of nodes - The total number of nodes within a TAST for a given student

assignment

e number of keystrokes - The total number of keystrokes included in the keystroke dataset

for a given student and assignment

e number of comments - The total number of lines that include comments within the

final submitted version of the student assignment

e percentage of compilable states - The percentage of keystrokes for which the code state
is compilable (i.e., the number of states the program is compilable divided by the total

number of keystrokes)

e monotonicity of AST behavior - The monotonicity of the AST behavior graph of a

given student assignment
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Figure 3.7: AST Behavior Graph Example. This AST behavior graph compares the
number of keystrokes to the number of nodes in the AST of every compilable state. The
AST behaviors are for students 10, 17, 23, and 29 from Assignment 8 and file “pattern.py”.
The goal of the AST behavior graph is to visualize the compilable states over the entire
development of a student’s assignment. The ability to compare the compilable states to the
number of nodes in a given state allows insight into the number of deletions that occur over
the development of the solution. We use this visualization to calculate two different metrics:
the percentage of compilable states and the monotonicity of AST behavior.

e attentiveness - The monotonicity score of an assignment’s depth chart. The goal of this
metric is to measure if a student codes a branch of the TAST to completion or codes in

a nonlinear fashion.

e foresight - The weight of the right half of the depth chart divided by the weight of the
left half of the depth chart of a given student assignment. The goal of this metric is to
measure the amount of planning and foresight the student demonstrates when coding a

solution.

3.4 Results

In this section, we demonstrate results and insights gained from applying the TASTE extension
to different datasets—a dataset of real-world student coding solutions and two handcrafted
validation sets. These results demonstrate how the TASTE tool can be used a) to help
instructors see at a glance the various approaches that students take to solving particular

assignments and b) as a tool for teaching students about diverse aspects of programming
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strategies and correlations between strategic behaviors. We discuss the results from basic

metrics and the results from our custom metrics used within TASTE.

3.4.1 Basic Metric Results

Our visualizations were created from a keystroke dataset that we will refer to as the real
world dataset, designed and implemented by Dr. John Edwards at Utah State University
using the PyCharm plugin called ShowYourWork [21]. The ShowYourWork plugin records
and formats the keystroke data of a project as a student codes. The plugin creates a CSV
of the compiled keystroke data within the project environment. The real world dataset
was collected in an introductory CS course in the Fall of 2021. The dataset includes eight

assignments and forty-five students and contains each keystroke for each student assignment.

3.4.1.1 Regular Commenting

A common practice that instructors of beginning programming courses teach their students
is to comment often. Regular commenting suggests that a student understands how the
code functions or has planned for specific programmatic functionality to be implemented.
Regular commenting helps with maintainability and readability by creating an outline for the
program and providing a log of the logic behind different programmatic implementations for
future reference. Regular commenting can be an abstract concept for novice programmers.
The ability to understand the benefits of regular commenting and how to apply commenting
in practice requires the ability to conceptualize the programmatic solution as a whole rather
than just syntactically.

An instructor is able to visually see the positive correlation between number of
comments and grade for the example seen in Figure 3.8 due to the functionality provided
by TASTE. Using TASTE allows an instructor to show a graph such as this to start a
dialogue with students about the effect of regular commenting for this assignment. Within

the extension, TASTE allows an instructor to then select an assignment from the scatterplot
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Figure 3.8: Number of Comments vs Grades for Assignment 6. This scatterplot
is a screenshot from the TASTE tool and graphs number of comments against grades for
real-world student implementations (correlation coefficient » = 0.35). The file name for
this figure is “taskl.py”. This example illustrates how an instructor might use TASTE to
emphasize the importance and effectiveness of commenting source code. An instructor trying
to demonstrate the importance of commenting to their students can use an example such as
this one to help demonstrate their point.

that has a high grade and number of comments. The assignment is then displayed in the
left-hand portion of KeystrokeExplorer and allows the instructor to discuss the benefits of
each comment included within the assignment. The tool facilitates the ability to playback
the assignment to discuss the process of writing the comments during the development of the

code.

3.4.1.2 Keeping a Working Program

Another common practice taught in introductory CS classes is to keep a working program.
This practice teaches students to compile their code often to ensure that their current code is
working as expected. Keeping a working program helps with catching bugs in the program
early. This is possible because a student can isolate the parts of the code that are responsible

for a new bug. For example, if a student writes 100 lines of code without ever verifying that
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Figure 3.9: Percent of Compilable States vs Grades for Assignment 10. This
scatterplot was visualized using the TASTE tool and graphs the percent of compilable states
against the grades of real-world student implementations (correlation coefficient r = 0.22).
This graph is specific for the file name “taskl.py”. An instructor might use a figure such as
this to help demonstrate that keeping a working program is an effective strategy.

the program is working and receives an error when compiling after writing the 100 lines, they
must investigate all 100 lines of code to find the bug. Consider alternatively that if a student
writes 100 lines of code but checks that the program is working every time 5 lines are written,
the student is more easily able to locate the bug when it arises.

An instructor can use the TASTE feature to identify a graph such as Figure 3.9 that
visualizes the effectiveness of keeping a working program and can choose to share this result
with students to help demonstrate the concept. The scatterplot within TASTE allows an
instructor to select student submissions where many of the states were compilable and the
student received a high grade. The code playback feature enables the ability to walk through
the code which can be utilized to discuss the decisions made throughout the coding process

that allowed the student to be organized and also kept the code in a working state.
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3.4.1.3 Understanding the Problem

The monotonicity of AST behavior gives us insight into the growth of a program over time.
If the monotonicity of AST behavior is high, the AST of the student’s code was constantly
growing without many deletions that caused the tree to decrease in size. We might attribute
a student who deletes significant sections of code that affects their AST size more often to
being less confident, and that a more confident student does not delete large portions of
code often. A technique some instructors teach students is to understand the problem before
starting to code. Prior understanding can help improve a student’s ability to understand
what is necessary in order to implement a correct programmatic solution and will also give a
student confidence in their ability to implement the solution correctly.

The TASTE tool allows for the creation of graphs such as Figure 3.10 that visualize the
effectiveness of understanding the problem before starting to code. This might be a situation
where an instructor wants to identify ways of helping students who are not performing as
well as others. An instructor can select the students with the lowest confidence according to
the monotonicity of AST behavior in the scatterplot via TASTE and walk through the code
using the code playback feature in KeystrokeExplorer to see where the student is deleting
large sections of code to identify what concepts are keeping the student from making progress.
When addressing a struggling student, an instructor can utilize TASTE to select a student

submission with high confidence to walk through with the struggling student.

3.4.2 Foresight and Attentiveness

In an effort to both verify the accuracy of the implementation and to understand better
the results when applied to real data, we created a validation dataset, which we refer to as
the calculator validation dataset. The calculator validation dataset consists of handcrafted
programmatic solutions designed specifically to explore the efficacy of our custom metrics in
recognizing different problem-solving styles. In this controlled environment, we have prior

knowledge and insight into the student coding strategy being applied because we coded the
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Figure 3.10: Monotonicity of AST Behavior vs Grades for Assignment 13. This
scatterplot, generated with the TASTE tool and specific to the file name “taskl.py”, graphs
the monotonicity of AST behavior against the grade of real world student implementations
(correlation coefficient r = 0.59). The monotonicity of AST behavior can be used to understand
the confidence, or the number of large deletions, that occurred over the development of the
assignment solution for a specific student. This graph demonstrates that those with fewer
major deletions received higher grades on this assignment. An instructor can use this graph
to demonstrate that understanding the problem before starting to code, and therefore not
needing to delete major sections of code often, is an effective strategy.

student examples ourselves. We developed an assignment that required high-level control
flow structures such as loops, if statements, and functions; user input; and error checking.
The assignment we implemented was a Python calculator assignment that asked a user for an
operation, took in a number of variables to be applied to the operation and the actual values
of the variables, and then printed the solution to the user. The program continues until the
user tells the program to quit. The specification® we used as a reference for the assignment
was an existing specification from an Idaho State University beginning programming course.
The original specification calls for an implementation using the C programming language.
The validation set uses Python solutions instead because the plugin for collecting keystroke

data is currently only implemented for a Python development environment.

Shttps://www2.cose.isu.edu/~bodipaul/courses/sp23/1337/1labs/lab_3/c_bit_calculator.pdf
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In order to focus solely on the strategy used to produce the final product rather than
on the final product itself, we created four programmatic solutions that were implemented
using four different programming strategies. We created a working solution, with no intended
solving strategy in mind, to use as a base solution that we refer to as the original solution.
We created four additional solutions that had the same end product as our original solution
but were implemented with a different keystroke ordering designed to be reflective of different
problem-solving strategies. In particular, we defined the four unique problem-solving strategies
with the aim of providing examples rather than being comprehensive. The goal here is to
achieve more than merely a binary classification so as to demonstrate how the TASTE tool
and metrics defined within the extension are able to characterize and identify a variety of
programming and problem-solving styles. For each style, we list the prescriptive criteria that

were used to define the style:

e Specification Order (SO)
— Code the solution following the order of the specification given for the assignment
e Control Flow First (CF)

— Call functions before they exist

— Create functions once they are called (but after the task at hand has been completed

where the call was made)

— Leave error checking for the end
o Arithmetic First (AF)

— Use static inputs first and once the correct functionality of the code has been

verified then implement user input
— FError check as we go

— Put everything into functions last
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o Random

— Use a random number generator to randomly pick between the first coding methods

— Code using those guidelines for three to five lines before randomly switching

methods again

Figure 3.11 shows a scatterplot generated in the TASTE tool comparing two of our
custom metrics, foresight and attentiveness, for the calculator validation dataset. Our original
hypothesis was that the CF point would have the highest foresight value since there is a large
amount of planning involved within the CF guidelines and that the AF point would have
the lowest foresight value since control flow structures and function signatures are coded last
according to the guidelines. We initially hypothesized that the CF point would have high
attentiveness and the AF point would have low attentiveness. This is because the guidelines
for the CF strategy require functions to be completed once their function signatures have
been created and for the task at hand to be completed before focusing on a new one. This
would suggest that there is a small amount of non-linear code traversal. The AF guidelines do
not require the completion of given task before moving onto another task, only that correct
functionality has to be verified before higher-level control flow structures can be implemented.
This allows for more freedom to move from section to section of the program in an non-linear
fashion.

The CF point for the calculator assignment has the highest foresight value and the
second highest attentiveness value and the AF point has the lowest foresight and attentiveness
value, which matches our initial hypothesis. The TAST models for the CF and the AF points,
seen in Figures 3.12 and 3.13 respectively, also visualize these differences. These models
visualize the order in which syntactical elements were implemented. The TAST for the CF
strategy has longer branches of similar color since tasks that were started we immediately
completed and the TAST for the AF strategy has less consistent colors in the branches due

to non-linear traversal from task to task. The colors of the models also reveal that the nodes

37



0.80

0.79

® S0 CF
L]

® Random @ Original

©c o o @

N N NN

o o N @ ©®
L 1 1 1

Attentiveness

® AF
0.74

1
0.85 0.90 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
Foresight

Figure 3.11: Foresight vs Attentiveness for Calculator Assignment. This scatterplot
graphs foresight against attentiveness for implementations included in the calculator validation
dataset. As predicted by our hypothesis, we see that the Arithmetic First (AF) approach
results in both low foresight and low attentiveness scores, and that the Control Flow First
(CF) approach results in both high foresight and high attentiveness scores. This example
provides a demonstration of how TASTE can be used to objectively measure and characterize
different student coding strategies.

closer to the root of the tree and the nodes closer to the leaves were implemented during
different times of the coding process. This is due to the fact the CF strategy focused on
implementing control flow structures such as functions first and the AF strategy focused on
ensuring functionality first and defining functions last.

The specification used for the calculator assignment describes the functions to be
implemented one at a time while flushing out a main control flow structure. We predicted
that the SO point for the calculator assignment would have high attentiveness since the
specification describes each function in its entirety before moving on to the next description.
The SO point has a high attentiveness value and is the uppermost point in Figure 3.11 which
agrees with our initial hypothesis. Since the SO point is an artifact of the specification, for
any given assignment, this point will be a reflection of how the specification was written. The

assignment specification clearly explained the purpose of each function one at a time which
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Figure 3.12: TAST of CF Strategy for Calculator Assignment. This TAST model
is specific to the control flow first (CF) point in Figure 3.11. Darker blue nodes represent
smaller creation values and were therefore coded first. Darker red nodes represent larger
creation values and were therefore coded last. In this model, we can see that there are more
blue nodes closer to the root and more red nodes closer to the bottom of the tree. We would
expect this behavior since the CF guidelines require function definitions and other control
flow structures to be created early in the development of a programmatic solution.
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Figure 3.13: TAST of AF Strategy for Calculator Assignment. This TAST model
is specific to the arithmetic first (AF) point in Figure 3.11. Darker blue nodes represent
smaller creation values and were therefore coded first. Darker red nodes represent larger
creation values and were therefore coded last. In this model, we can see that there are more
red nodes closer to the root and more blue nodes closer to the bottom of the tree. This
model matches our expectations since the AF guidelines require the functionality of the
programmatic solution to be coded first and the organization control flow structures such as
function definitions to be coded last.

guides the SO strategy to finish each function to completion and to move through the code in

a linear fashion. However, if the specifications had described the functionality of a function
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partially at the beginning of the instructions but then appended additional functionality to
the same function in a later portion of the description, that would lower the attentiveness
score of the point associated with the SO strategy for that assignment.

The point closest to the CF point represents our original solution that we coded with
no intended strategy. The location of this original solution is influenced by the fact that
the programmers who implemented the solution identified their own program strategies as
being similar to the CF strategy. The point was also influenced by the fact the programmers
occasionally traversed through the code in a non-linear fashion, in order to find and fix bugs,
and thus the point does not have as high of an attentiveness value as other points. The
middle point represents the random solution. Since the random strategy is a combination
of the other three strategies we defined, we expect the point to be in between all the other
points. The random point is influenced by strategies that resulted in both low and high
attentiveness and foresight values, and those attributes should be reflected in the position of
the point that represents the random strategy.

The second validation set was created in a manner similar to that used to create the
calculator dataset but for Assignment 10 within the real world dataset. The specification
for this assignment included building a class that required different functions and control
flow structures. The assignment provided starter code that handled all of the user input
and function calls. The assignment required the student to create a class with prespecified
function signatures referenced from within the starter code. An original solution along with
solutions for the SO, CF, AF, and random coding strategies were created and we refer to the
data for this group of solutions as the Assignment 10 validation dataset.

In Figure 3.14 we can see the results of graphing the foresight and attentiveness of
our five solutions for Assignment 10. Similar to the position of the CF point observed for
the calculator validation dataset, the CF point for the Assignment 10 validation dataset
has a high attentiveness and a high foresight value. The AF point displays a low level of

attentiveness which we would expect based on our original hypothesis, but it has the largest
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Figure 3.14: Foresight vs Attentiveness for Assignment 10. This scatterplot graphs
foresight against attentiveness for implementations included in the Assignment 10 validation
dataset and file name “wordinator.py”. As predicted by our hypothesis, we see that the
Arithmetic First (AF) approach results in both low foresight and low attentiveness scores,
particularly relative to the Control Flow First (CF) approach. This example provides a
demonstration of how TASTE can be used to objectively measure and characterize different
student coding strategies.

foresight value of all the points in the Assignment 10 validation dataset. This is the opposite
of what we had initially expected and is the opposite of what was observed in the case of the
calculator validation dataset.

An investigation into the TAST models for the CF and AF strategies, as seen in
Figures 3.15 and 3.16, aided in identifying why the results differ from our hypothesis. For
Assignment 10, the students were given starter code that was responsible for handling user
input and function calls. All that was required of the student was to create a class with the
necessary function signatures that were called in the starter code. A large portion of the
mental organization and overall logic of the solution was already provided for the student.
The way that the AF strategy manifests according to the foresight metric is different because
the assignment forces the student into certain decisions. The student has already been given

the blueprint for part of the assignment. All that is left for the student is to determine the

41



Figure 3.15: TAST of CF Strategy for Assignment 10. This TAST model is specific to
the control flow first (CF) point in Figure 3.14. Darker blue nodes represent smaller creation
values and were therefore coded first. Darker red nodes represent larger creation values and
were therefore coded last. The consistency in branch color attributes to a high attentiveness
score because it represents that once a programmatic element of the program was started
it was completed before moving on to a new element. The darker blue nodes close to the
node attributes to a relatively high foresight score since in this case the class and function
definitions were coded before anything else.

Figure 3.16: TAST of AF Strategy for Assignment 10. This TAST model is specific
to the arithmetic first (AF) point in Figure 3.14. Darker blue nodes represents smaller
creation values and were therefore coded first. Darker red nodes represent larger creation
values and were therefore coded last. The inconsistent colors in the branches represents a low
attentiveness score since the student worked on multiple portions of the solution at one time.
Due to the nature of the assignment, this AF example, specific to Assignment 10, does not
have a low foresight score. The model does not strictly have blue nodes near the bottom of
the tree and red nodes near the root of the tree.

necessary logic for the functions so that they work as expected. As we can see in the CF
TAST model, once the class and all of its function signatures have been defined, the CF

guidelines prescribe that the next step is to implement the functions to completion. The AF
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TAST model has inconsistently colored branches as it did in the calculator validation set.
This contributes to a low attentiveness score, but it does not have red nodes near the root
of the tree and blue nodes near the bottom of the tree as strictly as was the case for the
calculator assignment (as seen in Figure 3.13). Some of the darkest red nodes are leaf nodes.
In order to accurately implement the AF guidelines, the functionality of the program had
to be coded first outside of the class structure. Once all the functionality was implemented
correctly, the class was then created. Moving the correct functionality into its respective
function required significant rewriting of variable names and control flow logic, due to the
need to add return statements. The significant amount of rewrites changed many of the
keystroke creation values even though the overall functionality was still the same. All of
these conditions contribute to the AF point for the Assignment 10 dataset having a foresight
value that did not match our hypothesis.

Many assignments chosen in introductory CS classes are selected due to the type of
syntactical elements that are being tested. This result suggests that different assignments
require different levels of abstract thinking, and the kinds of abstract concepts involved
in an assignment are equally important to consider when choosing assignments for novice
programmers. For example, in the case of Assignment 10, the instructor might have intended
to take away some mental load by providing the starter code, but if the goal of the instructor
is to challenge students to learn to decide how to break their solution into functions, then a
better approach would be not to have specified functions within the starter code. If assignment
specifications are too detailed students are led to make certain programming decisions. An
instructor who wants to encourage students to have to try their own different abstract thinking
strategies can provide a more broad assignment specification to push students to make their

own conceptual decisions about their assignment.
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3.5 Discussion

The search space of our research is much larger than defined within the work, and to cast
new light on uniquely characterizable programming strategies and the metrics that properly
characterize them requires a significant amount of future work. Our work only covers one
real world dataset and two validation sets, nine metrics, and four predefined coding strategies
within the larger search space. We have built a framework in which this future work can
be effectively conducted. We have provided this subset of applications in order to supply
examples of possible applications of the tool.

It should be noted that even though only four coding strategies were predefined within
the scope of the validation datasets, we also acknowledged several other strategies within
the basic metrics results. For example, we can consider the use of comments as a precursory
task in order to outline the body of a programmatic solution as the architect strategy. We
can also define the use of compiling a project often and ensuring a working program as the
preventative strategy. Another strategy would be the use of many functions to organize a
programmatic solution, as opposed to using minimal functions, and this strategy could be
referred to as the decomposition strategy. The TASTE tool provides the ability to discover

and define more of these unique programmatic strategies.

3.6 Future Work

It should be noted that the random strategy was initially selected to represent a student
who was “lost” during the coding process. In creating the guidelines to be systematic and
replicable, the identity of a student who is “lost” was not accurately represented within the
random strategy guidelines. The strategy became more of a representation of a student who
alternates between strategies rather than a student who has no strategy. A more accurate
way to represent a student with no strategy might be to define guidelines that prescribe

choosing random lines of code to implement and delete throughout the coding process. This
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type of behavior is closer to our initial goal of the random strategy than switching between
well-structured strategies.

It is worth noting that improvements to the TAST model will also contribute to
improvements in the TASTE tool. As a simplifying assumption, the process of assigning
keystroke values to TAST nodes uses the creation value of the first character of the associated
code segment. The ast library within Python can access the location of the segment of code
that is responsible for a node within an AST. When we access this code segment, we only
look at the keystroke associated with the creation of the first character of the given code
segment. There may be added benefits to using the keystroke information within the entire
associated code segment. Another way to assign creation values to nodes would be to average
the creation values of the entire segment and use the average as the creation value for a given
node. For example, given a vertex v, v has an associated code segment S = (sq, ..., Si, .., S1)
where s; is the i1th character in S and [ is the length of S. Instead of using the keystroke
creation value of sy, we could use the average of the keystroke creation values across all
s;i €S.

Our current TAST model only considers the AST of the final submitted solution of
a student. In theory, an AST exists at each keystroke where the state of the code at that
keystroke is compilable. A student might have created nodes that appear in intermediate
ASTs throughout the development of the assignment that were not included in the final AST.
For example, a student might have written an extra function to deal with error checking and
then decided that they wanted to incorporate the functionality into a different function. The
nodes for the error checking function existed in an intermediate tree but were not included
within the final AST. Developing a way to incorporate these deleted nodes into the model or
into a new metric may shed added light on student coding strategies and improve TASTE. A
possible method of addressing the deleted nodes would be to look at the unique ASTs for each

compilable state within the development of the solution. The intermediate ASTs can also be
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used to more precisely determine when ASTs nodes are created for the purposes of creating a

TAST. This method is currently being considered in the broader research community.

3.7 Conclusion

Computer science has a history of being a difficult introductory course because many novice
programmers have difficulties grasping abstract coding strategies that lead to building effective
solutions. New methods of categorizing and measuring student coding strategies are needed
to help improve the abstract thinking processes of novice programmers. We implemented
TASTE to provide a method to model the student coding process and a tool to visualize and
compare different effective student coding methods.

TASTE is a tool that gives users the ability to visualize, categorize, and demonstrate
different student coding strategies. The focus on student coding strategies also highlights
the importance of understanding high-level thought process skills in programming. Many
introductory courses focus on syntactical principles and struggle with how to effectively teach
students about abstract thinking skills. A student’s ability to mentally organize their solution
and translate what they conceptualize into a working program is an essential skill for success.
There are many possible strategies to effectively implement this skill, and the goal of TASTE
is to demonstrate these strategies to students and instructors for the purpose of improving

students’ own programming strategies.
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Chapter 4

Conclusion

TASTE was created to extend the KeystrokeExplorer with functionality to measure
and visualize student coding strategies. Our goal has been to build the extension to provide a
sandbox where students and instructors can identify and investigate different student coding
strategies and to help improve the abstract programming skills of introductory CS students.
The idea that there is only the right way and the wrong way to code a programming solution
is overly simplistic; there are many paths that lead to a correct solution, and, by being able
to identify and measure these strategies, we have the ability to share this knowledge with
novice programmers. Only focusing on the final product of a project and not the process
of developing a solution can keep introductory CS students from developing the necessary
abstract thinking skills needed to become proficient programmers. The use of the TAST
model and basic and custom metrics to create TASTE provides a method of identifying and
demonstrating these different abstract thinking skills and processes.

Besides an instructor using the TASTE extension to examine trends and behaviors
among a group of students, another possible application of the tool is that an instructor might
use the tool in the classroom setting to demonstrate to students the variety of problem-solving
strategies represented among their peers or among a more experienced group of programmers.
The TASTE tool allows the visualization of correlations between different aspects of coding
via basic and custom metrics and allows instructors to effectively demonstrate the benefit
of implementing different coding strategies. A more comprehensive experimental survey of
instructors using the tool in their classes and classrooms is one of several envisioned examples
of future work. Another application of the tool is to investigate new metrics that can measure
in a single value different programming strategies. These types of custom metrics have the

potential to help instructors identify the strengths and weaknesses of students at a glance.
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Thus, TASTE stands to help with the time required of instructors to extract knowledge of
the strategies their students are applying in each assignment.

This body of work only examines a subset of datasets, metrics, and coding strategies
within the larger scope. A substantial amount of future work is necessary to uncover and
characterize more diverse coding strategies and metrics. The goal of our work was to create
the TASTE extension to facilitate this type of research and future work. We have provided
our subset of examples to demonstrate how TASTE can be applied to characterize and
demonstrate different coding strategies with the intended purpose of aiding students in

improving their own coding strategies.
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