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Abstract

Machine learning models are increasingly being used within software engineering
for their predictions. Research shows that these models’ performance is increasing
with new research. This thesis focuses on models for method name prediction, for
which the goal is to have a model that can accurately predict method names. With this
thesis, we could create a tool that can suggest method names to software developers,
which would assist in improving the quality of the projects.

This research aims to get insight into the robustness vulnerabilities of a method name
prediction model. We use a genetic search algorithm that looks for these robustness
problems. The main question this thesis tries to answer is to what extent the perfor-
mance metrics are affected by applying metamorphic transformations to the test set of
a trained code2vec model. Besides this, this thesis also proposes an alternative metric
called percentage_ MRR, which might better reflect the robustness of a model. The
main idea behind this metric is that it penalizes the prediction certainty of a model
instead of penalizing the prediction rank.

To answer this research question, a tool is created that runs a genetic algorithm ap-
plying these metamorphic transformations to a dataset that a trained model is then
evaluating. With this tool, we conducted 22 genetic search experiments on primary
metrics and combinations of metrics to see the trade-offs in the Pareto fronts.

The guided search of applying metamorphic transformations on the test set results in
an average performance decrease of around 19%. This thesis also compares this drop
in performance to the performance decrease a random search algorithm would create.
Notably, for every transformer added, the average decrease in performance becomes
smaller, and there are transformations, e.g., the if-false-else transformation, that have
a bigger effect than others. This thesis concludes that the trained model is not robust
against metamorphic transformations and has a significant performance drop.
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Chapter 1

Introduction

Since writing code has become a more significant part of different industries, more and more
problems have come to light. People who might not necessarily be familiar with the best
programming practices do have to write proper code that is readable to other programmers.
Writing code by itself might be considered easy to learn, but understanding and reading
code are much harder. For example, coming up with method names is hard, which can be
pretty tricky. So why not help coders by doing it automatically?

Experienced coders will write the code in such a way that one only has to read the identifier
names to understand the intended meaning of the class or method. Various studies have
been done on the influence of identifier names on code quality, e.g., Butler et al.[[6][[7]. Here
it has been shown that a good naming convention is key to identifying the purpose of the
code. An experienced programmer will immediately recognize and understand the function
or fragment of code. This fastens the familiarization time of the programmer with the code
base and increases efficiency in a company or research group.

public void a(int d) { public void addNode(int data) {

Node b = new Node(d); Node newNode = new Node(data);

if(b.head == null) { if(newNode.head == null) {
b.head = b; newNode.head = newNode;
b.tail = b; newNode.tail = newNode;

} }

else { else {
b.tail.next = b; newNode.tail.next = newNode;
b.tail = b; newNode.tail = newNode;

} }

} }

Figure 1.1: Differences between unclear (left) and clear (right) identifiers

On the internet, there are countless examples of bad and good code. For instance, the
code snippet in Figure|l.1|is an example of clean code on the right and bad code on the left.
Both have the same functionality, but it takes longer to understand unclear identifiers than
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1. INTRODUCTION

it does when they are clear. Someone who is not familiar with the syntax of Java will still
know what the function does just by looking at the names, an experienced programmer will
know immediately. Unclear identifier names, however, will make the programmer work in
a top-down approach and go over each line of the entire code. For a large codebase, this
will quickly become infeasible and tedious. This is just one example, but it is clear that
programmers must properly consider the names given to methods and identifiers.

For smaller methods, giving identifier names is considered easier since there are only a few
identifiers that the programmer needs to name. However, looking at big classes and meth-
ods, it becomes more of an art. Complex classes might have complicated data types, or a
method might have a more complex function than just adding a node, as in the example
(Figure [I.T). By learning from properly named existing code, underlying patterns may be
found.

The problem for the developers occurs when they are new to an already existing project
with many classes and methods. When the identifiers in the project are not named properly,
it will take the new developers a long time to get familiar with the code base and know what
each method does. This is an annoying process, and it costs a lot of time. Developers per-
form peer reviews to try and fix this, but there are always things that get through, especially
in smaller teams. In those circumstances, few people can review merge requests, meaning
mistakes like unclear identifier names will get through easier. Programmers often use their
experience to perform peer reviews, which makes it hard to find all the mistakes.

Just as programmers might use prior experience to name identifiers, a program can do the
same. Based on previous code snippets, a program can learn the names that go with this
code. In this thesis, we explore testing a convolutional neural network that can predict
method names. A convolutional neural network is a type of machine learning that is of-
ten used in classification problems. This will help programmers either check their method
names or help them come up with new names for their code. Besides programmers, this
thesis will also help data scientists find out how good their model is and hence help devel-
opers get better models. The tool in this thesis will evaluate the neural network on data
samples with different metamorphic transformations applied to gain insight into how robust
the model is.

Other prior works have looked at method name prediction with neural networks and achieved
great results. In recent years, code2vec by Alon et al.[3] has been used as a baseline per-
formance for the task of method name prediction. Compton et al.[8]] researched the gen-
eralizability of these code2vec models (the models created by Alon et al.) by obfuscating
identifier names. Their work is discussed in Section[3.21

These prior works, however, have some shortcomings in terms of robustness. Compton et
al.[8] showed that the predictions of the method names are very dependent on other iden-
tifier names. This means that unclear variable names will lead to a worse method name
prediction. The model is thus not ready for corporate use. Compton et al. tried to fix this
by training with different identifier names, which improved the model. This yielded better
results than the paper by Alon et al.[3]. Chapter [3| describes these papers and how they
relate to each other.



1.1. Problem statement and research goal

Lampion by Applis et al.

Assessing robustness of
ML-based program

analysis tools using
metamorphic program
transformations

Code2Vec by Alon et al. Kang et al. Compton et al. This thesis |
Assessing the Improving on Code2Vec by Guided metamorphic
C;:::z t?;:lt:::ardrar\‘;“;:a generalizability of obfuscating variables transformations for
Eude ) code2vec token and testing the new java testing the robustness of
’ embeddings class embeddings trained code2vec models

Code2Seq by Alon et al.

Generating sequences
from structured
representations of code

Figure 1.2: Relationships between prior works

Researchers can use the tool created in this thesis to evaluate their model against differ-
ent types of data alteration and, through that, evaluate its robustness. This evaluation can be
done according to multiple metrics and used as an extra argument for why a model is better
or worse than another.

1.1 Problem statement and research goal

In the previous section, the importance of good method names has been argued. In research
over the past years, models have been trained through machine learning to predict these
method names. In prior works|[|19]][8]], it has been noticed that the models designed for this
are not robust to different transformations and rely heavily on the variable names for their
predictions. As mentioned, it is a clear problem since, for this type of source code analysis
to work in practice, it needs to perform well on unseen data and not have its predictions
influenced by bad identifier naming.

This research aims to get better insight into the robustness vulnerabilities of a method name
prediction model. This is done by researching the impact of different metamorphic transfor-
mations explained in Section This thesis will investigate whether using different types
of data alteration improves or worsens the performance of a trained model.

1.2 Research questions

When a neural network is tested using an altered dataset, it might generate different results.
To know the impact of data alteration, it first needs to be evaluated how the model metrics
are impacted. This is why the first research question is:
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RQ1: To what extent does adjusting the semantics of the test-set data using
metamorphic transformations with genetic algorithms affect the scoring met-
ric?

Next, this thesis will focus on guiding the results that the neural network published
by Alon et al.[3]. The results of the test set might improve when the test set is altered
using metamorphic transformations. For this, a basic genetic algorithm will be used. This
produces different populations and tests which give the best results for a certain metric. The
second research question this thesis will answer is:

RQ2: To what extent does adjusting the semantics of the test-set data using
metamorphic transformations with genetic algorithms influence the combina-
tion of additional metrics?

The current performance robustness metric widely used is mean reciprocal rank (MRR),
further explained in Section [2.8] This metric takes into account what rank the correct pre-
diction is but not how certain the model is about the correct prediction. MRR is applied
in a wide range of domains where they do not have certainties and probabilities in their
predictions. In method name prediction, however, these probabilities are given. This means
that there might be a better performance scoring alternative to MRR that can be found. An
alternative to this will be proposed and tested on the data in this thesis. Furthermore, the
following question will be answered:

RQ3: Is there an alternative performance robustness metric to MRR that can
correctly represent the performance of a model?

With these research questions, we hope to gain a better insight into the robustness of the
pre-trained code2vec model.

1.3 Outline

The rest of this document is structured as follows: This thesis starts by explaining back-
ground information in the next section, Chapter[2] Chapter 2]explains various general tech-
niques and definitions used in the rest of the thesis. The prior knowledge that is expected
before reading the document further is stated at the beginning of Chapter[2] In Chapter 3]
Related Work, this thesis discusses other papers on related topics that have directly in-
fluenced the research approach of this thesis. In Chapter [ the architecture of the neural
network is explained together with the methodology to answer the research questions.

In the section after that, Chapter[5] the experiments are described and how these are set up.
Chapter [5 also contains an overview of the packages used. Lastly, Chapter [5|explains what
hyperparameters are used and why those are chosen. In the Results section, Chapter|[6] the

4



1.3. Outline

results of the experiments are described and interpreted. In the conclusion, Chapter |8 we
return to the research questions and answer them with our results. Besides the results, this
thesis also gives recommendations for future work and the drawbacks of the experiments.






Chapter 2

Background

This chapter provides an overview of the relevant theory for this thesis. Elements of ma-
chine learning and experimental computer science will be explained alongside prior work
that has already been done in the field. However, some concepts will not be explained, as
this thesis assumes basic linear algebra and artificial intelligence knowledge. This thesis
also assumes that the reader can read Java source code.

2.1 Convolutional neural network

A convolutional neural network (CNN) is a specific class of artificial neural networks most
commonly used to analyze images. They are both shift and space invariant, making them
good at classifying and recognizing images. More recently, they have also been used to
interpret graph-based source code representations as images. Here the set of values will not
be pixel intensities but rather a discrete set of all allowed identifier names|[16[][42].

A typical neural network consists of a convolutional layer, a pooling layer, and a fully
connected layer. In the convolutional layer, the main part of the computational load is done.
This layer has a set of learnable parameters called the kernel, usually a 3x3 or 5x5 matrix.
The kernel loops over the pixels in the image and performs the dot product each time it
moves.

The different layers work together to detect different characteristics in the input image. The
first layer might react to a certain orientation of a row of pixels, and then the second layer
can detect if the combination of rows is correct. One drawback of these kernels is that they
are computationally expensive. That is why most neural networks only have one or two
layers with kernels.

In the case of processing an image, it can result in certainty for a label (like some kind of
flower or animal), a numerical value (the number of dogs in a picture), or it can be another
picture where the input is modified. In the case of this thesis, the input is an image of the
graph-based representation of a piece of the source code. The neural network can learn the
embeddings in the code and predict a method name for the piece of source code that was
given as input.
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2.1.1 Supervised vs unsupervised

There are two types of learning within machine learning, supervised and unsupervised.
Supervised learning uses labeled data in training. This process aims to create a model that
learns the underlying structure from the pre-labeled data. With this underlying structure, the
model can correctly predict new unseen data. For unsupervised learning, there is no label
for the data. Rather than predicting the data labels, unsupervised learning tries to organize
and model the data. Other machines or programs further down the pipeline can use the
organized data to do their job more efficiently.

An example of unsupervised learning is data clustering, where the goal is to learn how the
data can be grouped into a certain amount of clusters or groups. These clusters can share
some characteristics or be based on other criteria. For more software and engineering-
related examples of unsupervised machine learning, one can look at the survey done by
Khanum et al.[20] that discusses different techniques and methodologies for unsupervised
machine learning. Two examples from their paper are clustering and feature selection.
This thesis will use supervised learning where the labels (method names) are known during
the model’s training. Besides method name prediction, there are also other problems where
supervised machine learning is used. An example is the paper by Immaculate et al.[17]],
where bug prediction is made using a supervised machine learning algorithm.

2.1.2 Opverfitting vs Underfitting

When learning new data, the goal is to properly represent all the data, not just the data on
which the model is trained. With overfitting, the model mostly memorizes the data from
the training set and can make good predictions for this data. However, it will not be able to
make good predictions for new and unseen data. When underfitting, the underlying patterns
for the data are not found by the model, and it will thus make poor predictions. The goal of
the model training is to find a good balance between the two, which results in a generalized
model that can predict unseen data. Both underfitting and overfitting can be detected using
a validation set. This is a portion of the dataset that the model has never seen. If the loss on
the validation set is close to the loss on the test set, there is no under-or overfitting.

A CNN has a full connectivity attribute, meaning that all neurons are connected, making
them vulnerable to overfitting and underfitting. Fortunately, both of these instances can be
avoided by using cross-validation[33]].

Cross-validation uses a different part of the full dataset as the test set for each iteration. To
start the full dataset is divided into k segments. In each iteration, one segment is used as a
test/validation set, and the rest are used for training. This thesis does this k times, with each
time a different segment for the test/validation.

There are also other ways to solve underfitting or overfitting. Some examples of techniques
to solve overfitting are data augmentation and regularization. To solve underfitting, the
model complexity can be increased, or regularization can be reduced.
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2.2 Attention

Attention in deep learning is a mechanism used to represent what parts of the input data the
model should focus on. It will be discussed in quite some detail since there have been many
developments over the years which are relevant to understanding the context of this thesis.
Attention can be translated into a more relatable example by talking about the human brain.
Humans can automatically focus on the main subject of an image and thus ignore the back-
ground of the image. The idea behind neural attention is based on mimicking this cognitive
attention in the human brain. The original attention mechanism was inspired by this and
used in images where the model needed to learn how to focus on the important regions of
the image. An example of this is the paper by Xu et al.[41]] introducing an attention-based
model that automatically learns to describe the content of an image. Bahdanau et al.[5] and
later Raffel et al.[31] posed that attention allows for the context to be used to compute the
state at each time step. In their paper, they illustrate where the model’s attention was in
the image and what word corresponded to that region. Their results indicate that attention
performs better on the BLEU metrics[28] and METEOR[11f]. The thesis will explain the
attention mechanism for images since this is easier to understand. The attention layer in the
source code application will work the same, except that the input is not a vector representa-
tion of an image but rather a vector representation of the source code[3|].

There are two steps for a model to determine the appropriate caption, like in the paper by
Xu et al. [41]. First, the image is encoded in an internal vector representation v using a
CNN. Then, v is decoded into a word vector signifying the captions using a recurrent neural
network (RNN).

An RNN, like a long-short term memory (LSTM), not only outputs to the next layer but
also has feedback components. This is key to processing a sequence of data instead of only
a single data point. Since LSTMs are good for classification tasks, they are used for deter-
mining the image captions.

Without attention, the LSTM looks at the entire image to determine every caption word.
This is not very efficient since we usually generate different words in the caption by looking
at different image regions. To solve this problem, # different, non-overlapping sub-regions
such that v; will be the internal feature representation used to generate the i-th word. When
implemented, the decoder will determine a word of the caption by only looking at a specific
image sub-region.

The attention determines what image regions are important for a specific word. The weighted
arithmetic means of these regions by taking all sub-regions and context as their input and
outputs. The arithmetic mean is calculated by taking the inner product of the actual values
and their probabilities.

E(X) = ZP(X :Xn)Xn

These probabilities are determined using the context C. This represents everything the RNN
currently has generated as output until that point. The output of the CNN y is applied to
weights, which are the learnable parameters for this attention layer. This means that the
weight vector is updated as more training data becomes available. An activation function,
like the tanh function, is applied, so that very high values have small differences between

9



2. BACKGROUND

them, and the same goes for very low values. These values will be close to 1 and -1,
respectively, and result in the m; values.

m; = tanh(y;W,, + CW,)

These m; values are then passed on through a softmax function which outputs a probabili-
ties vector s. These probabilities correspond to the relevance of the sub-regions given the
context. Given the output of the attention, the LSTM can then determine each word.

This is just one form of attention. Other forms are explained by Vaswani et al. in their paper
Attention is all you need|39|]. They use attention in translation from English to German and
English to French.

2.3 Abstract syntax tree

An abstract syntax tree (AST) is an undirected knowledge graph that only contains the
important structures in the code that make up the functionality. As done in previous works
on the same subject, for example, code2vec by Alon et al.[3|]. This thesis uses abstract
syntax trees (ASTs) as the graph-based representation of the data as input for the model.
This knowledge graph is not restricted to a certain programming language but can represent
code written in Java, Python, C, and many other programming languages. The Java method
factorial and the corresponding AST are depicted within the example in Figure

In theory, an AST should be able to use the prediction model across different pro-
gramming languages since it is not language-specific. The exception is meta-programming,
which describes various techniques to alter programs, such as AST manipulation.
In practice, research has also shown that using language-specific features to represent infor-
mation better pays off, as shown by Compton et al.[8]]. In the context of this experiment,
the AST tries to deduct the meaning of the program into a knowledge graph and uses this
as input for the neural network.

2.4 Method name prediction

Method name prediction predicts a method’s name based on the source code. Predicting
code properties has been around for a long time, e.g., Raychev et al.[32], and Alon et al.
[1], and method name prediction is a part of this. A model outputs multiple predictions with
a corresponding likelihood in method name prediction. According to the metric used, the
model gets a score based on the predictions. A common metric for measuring the quality
of a method name prediction model is the F;-Score discussed in Section @ Method name
prediction is part of automatic source code analysis and can be used in areas like authorship
identification or malware detection. Automatic source code analysis has become more and
more popular among software engineers. Previous studies have focused on method name
prediction as an area of research, e.g. Compton et al.[§] and Alon et al.[3]]. These studies
showed that the models rely heavily on variable names to perform their predictions. Chang-
ing the variable name does not impact the method’s functionality, which means it should
not impact the name prediction.
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Figure 2.1: Code and corresponding AST for factorial method

There are two different embedding approaches for method name prediction discussed within
this work, code2vec|[3]] and code2seq[2]. To enable machine learning to do something with
source code, embedding needs to be used. Code2vec does this while maintaining the se-
mantics of the code, which is explained in more detail in Section 3.1} The reproduced paper
discussed in the introduction[8]] uses code2vec while code2seq is considered an improve-
ment over code2vec. Code2seq keeps word order intact instead of bundling the words up at
the end of the AST. Compton et al. noticed that experimenting with code2vec relies heav-
ily on identifier names for the method name prediction. Code2vec itself converts the Java
code into an AST and learns to combine the set of paths used to construct the AST using an
attention mechanism.

2.5 Metamorphic testing

Metamorphic comes from a rock that has undergone a transformation and now has a differ-
ent look. A metamorphic relation (MR) refers to two functions with different inputs but the
same output. An example of this can be sin(x) and sin(x+ 2w), which are different formulas
but result in the same output. These metamorphic relations are used during metamorphic
testing.
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Metamorphic testing is not only being used in software engineering but also in other fields,
such as image classification. First metamorphic testing and its use will be discussed in
general and then more specific for the software engineering field.

2.5.1 General

Zhou et al.[43] made a meta survey where they discussed in detail what metamorphic testing
is and its applications in different fields. This includes metamorphic testing applications
in graph theory, computer graphics, and compilers. Metamorphic transformations (MT)
became widely known and popular in machine learning by improving the models for image
classification. The transformation creates a different image from the old one with a slight
modification. An image with a tree still needs to be classified as a tree if it is moved to the
right or turned upside down. These slight modifications need to be recognized by the model
and still classified correctly. The aforementioned example is given below in Figure 2.2]
Here we can see the same tree first with the normal X-Axis and then with a flipped X-Axis.
A classifier must be able to classify both as a tree even if the tree is upside down.

(a) Tree with a normal X-Axis (b) Tree with a flipped X-Axis

Figure 2.2: A tree with the X-Axis flipped

Adding transformed images like these to the training dataset tunes the weights and
makes the model more robust to transformations. Examples of metamorphic testing used
outside of source code analysis include Mekala et al. concerning their work towards ad-
versarial detection and metamorphic testing[23]]. They were the first to attempt using meta-
morphic testing in deep learning models built using transfer learning. Transfer learning is
a way of learning where the trained model for one task is used as the starting model for
another task. In other words, this is an approach to learning with pre-trained models instead
of starting from scratch.

Another example of metamorphic testing is the work of Dwarakanath et al.[12]]. They cre-
ated a tool that automatically creates test cases for machine learning applications based on
metamorphic testing. This can be very useful when a new application is just launched to see
whether it is robust against metamorphic transformations. If one of the metamorphic rela-

12



2.6. Selection methods

tions does not hold, the program will see this as an implementation bug. Besides these two
examples, many other papers have also successfully used metamorphic testing in machine
learning like Murphy et al.[26], and Xie et al.[40]. The success of metamorphic testing has
caused it to be adopted in source code analysis and software engineering.

2.5.2 Software engineering

In the work by Compton et al., they used these same transformations on source code to
make the method name predictions more accurate[8]. The transformations do not change
how the code works but do change the underlying structure of the code. This means that the
AST changes, but it should not impact the model’s prediction since the functionality is still
the same. Consider, for example, when an if-true-statement is put around any code block,
it would not change the functionality, but the size of the AST increases. Since the neural
network’s predictions are based on the AST, these transformations might negatively impact
the model’s performance. This, however, should not be the case, and the prediction should
remain the same. When the model has not been trained on these metamorphic transforma-
tions, a slight change in the AST may also cause the predicted label to change.
Below the figure of the factorial method, Figure [2.1] is adjusted with an extra if-true-
statement and its corresponding AST. In Figure[2.3] the changes in the AST are highlighted.
This corresponds to the if{true) statement in the source code. The rest of the AST is the
same, but a slight change like this can be enough for the model to predict a different label.
If the model is trained on a wider variety of transformations, it should improve the model
when run on the test set. This is expected because the model will learn from these trans-
formations and will learn to predict the methods with an MT correctly. Besides the MT
mentioned above, other examples of these transformations are: adding a random unused
variable, introducing an unused variable, or renaming variables. All of these transforma-
tions have different impacts on the performance of the model. In the paper by Applis et al.,
these different MTs were tested, and their impact is discussed in Section @] of this thesis.
The paper by Compton et al.[[8] discusses how MTs improve the robustness of a model and
will help with the performance.

2.6 Selection methods

Working with all methods in the test set within the experiments has shown to not always
accurately represent the quality of the models[8]]. So Compton et al. looked into filtering the
test set data to evaluate model performance and eliminate predictions that are not useful. For
this thesis, using the entire dataset was not feasible due to computation and time constraints.
Because of this, the impact of different selection methods is discussed and put into context
with other related work.

Selection methods are ways of filtering the data in the test set. This was inspired by the
idea that certain features in feature selection are irrelevant and can negatively impact the
performance of the model[10]. Examples of selection methods are all, top-K, and random-
K.

Selection methods take a different subset of source code methods into account for testing.
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Figure 2.3: Code and corresponding AST for the changed factorial method

Because of this, they will also yield different results. The all selection method evaluates
the model’s performance based on all methods in the file. Top-K only select the longest
methods in the file. This is based on the assumption that longer methods contain more
information about the file and will thus give a better prediction. Lastly, random-K selects k
random methods for the evaluation.

These selection methods have been used in different prior works to gain different insights
into the performance of the models. This thesis will try to represent the entire test set we
use to evaluate the model, which is done by taking the random-K selection method.
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2.7 Genetic search

Genetic search is a technique based on biological evolutionary theory. It explains how
species can evolve over the years to better adapt to the environment, thus having a better
chance of survival. The phenotype is how a species looks, and the genotype is the DNA
inside a living organism.

Genetic search is considered a technique for evolving programs instead of species. Start
from a random population of genotypes and fit it to a specific task by evaluating each popu-
lation and seeing if a small mutation will positively affect the outcome. For every program,
these genotypes will be different. This desired outcome is always the maximization of a
certain fitness. However, not all fitness functions look for the biggest value but always
look for the optimal value. Three different operations are used to achieve this: selection,
crossover, and mutation. The selection operation selects the parent individuals with the best
fitness from the population to create the individuals for the next population. The crossover
operation involves swapping random parts of the selected parents to create the individuals
for the next generation offspring. Lastly, the mutation is substituting a random part of an
individual with some other random part. Both mutation and crossover are usually done with
a probability for each individual. For example, the mutation probability determines how
many chromosomes should be mutated in one generation.

A way to explain genetic search is the hello world example. The program tries to create a
string that states “Hello World!” with all characters and numbers as options. For this ex-
ample, the initial population would be a string of random characters and numbers of length
12. One individual in this initial population could be something like j(/*=hh15L!k.

In each iteration, a new population is created where each individual represents a random
string as offspring of its parents, except for the initial population, which is fully random.
After each individual’s fitness is calculated, the string that is most like the string ”Hello
World!” is given the best fitness. With tournament selection, two random individuals will
be chosen as the next generation’s parents. Tournament selection is selecting a given num-
ber of individuals and then choosing the best two parents out of that set of individuals to be
the next generation’s parents. As mentioned above, crossover and mutation are applied with
a certain probability on the parents to create the whole population. In the end, the result will
state ”"Hello World!” and have a fitness of O when the problem is seen as a minimization
problem. For further reading, the paper by Sette et al. on the basic concepts of genetic
search[34]] is recommended. For more detailed explanations and examples, this is a great
paper to review.

Genetic search is also used in more complicated problems. Forrest et al.[[15]] came up with a
genetic search approach to automated software repair. They define the fitness function using
test cases to see how well the program repairs the program bug while still doing everything
else correctly. They use an oracle, a machine that knows the answer, to determine whether
the program’s output is correct.

Using genetic search with complex problems is often paired with an expensive fitness func-
tion. When the program takes more time to calculate an individual’s fitness, it is common to
practice having a smaller population size. While in the Hello World! example, calculating
the fitness function is very inexpensive, and we thus can have a larger population size. A
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larger population size means more diversity in the population and often a quicker, stable
solution.

2.8 Metrics

During the model’s training, the parameters are calibrated so that the model can make pre-
dictions that match the expectations as closely as possible. Since supervised learning is
used, the expected labels are predefined in the dataset. The weights of the model are con-
figured based on the training set. When a prediction is made during training, the model
will evaluate this prediction compared to the true/expected label. The model will tune the
parameters based on how wrong the prediction is.

This training data, however, is not what is used to measure the quality of the model. For
this, fresh data that the model has not seen is used. The model is given a score based on
different metrics on this data. The trained models’ scores are compared, determining which
model is the best. In this section, the two methods of scoring that are relevant for this thesis
are discussed.

Fi-score

The Fj-score is a common measure often used to evaluate overall model performance and is
defined as the harmonic mean of precision and recall. To calculate the precision, the portion
of true positives is measured and compared to all results that were predicted positive[18].
Recall is the fraction of true positives divided by all elements that were expected to be
positive (false negatives + true positives), which is all false negatives and true positives
together. The formula for this is written out below.

true positives

true labeled elements

The Fi-score determines if there is a good balance between the precision and recall for the
prediction model. The highest possible value for the score is 1.0, which indicates perfect
precision and recall.

The problem of method name prediction is a little bit more complicated. In this prediction
problem, a set of sub-predictions need to be evaluated. This means that there is a set of
expected sub-tokens and a set of predicted sub-tokens of which the precision and recall are
calculated.

As an example, the expected method name getName is taken and the predicted method name
as getSubscriberName. When this is translated to the expected and predicted sets of tokens
the following sets are created: {get, name} and {get, subscriber, name} respectively. Since
both the tokens get and name are correctly predicted a precision value of 0.67 is achieved.
When calculating the recall, it can be observed that both tokens that were expected are also
in the predicted set. This means that this value is 1. The Fj-score is calculated next by
using both these values, which results in an Fj-score of 0.8. This gives a better picture of
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the prediction than just right or wrong. The formula used for this final calculation is:

precision x recall
Fi =2«

precision + recall

Mean reciprocal rank

Mean reciprocal rank (MRR) is a statistical measure for ranking the possible predictions
of the model. The responses are ranked based on the likelihood percentage that the model
gives a specific prediction. MRR considers which rank is given to the correct prediction and
penalizes the model accordingly.

For example, if the model generates a list of [monkey, gorilla, cat, dog], where monkey is
ranked first, and the correct answer is cat, then the score given is % This score is given
because cat is ranked third in this set. When in the same example, the correct answer is
monkey, then the MRR score would be 1.

Given that multiple methods are being evaluated, multiple sets of possible answers with
corresponding ranks are calculated. When each method’s rank scores are calculated, the
mean can be taken to get the MRR over the whole test set.
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Chapter 3

Related Work

This chapter discusses related prior works that have contributed to this thesis. The infor-
mation presented here will be used to conduct the approach and experiments used in this
thesis.

3.1 Code2vec: Learning distributed representations of code

The papers by Alon et al.[3]][1]] have already been mentioned several times in this thesis.
They showed how the syntactic paths between identifiers in a program’s AST could be
useful in predicting names for identifiers[1]. The results of this paper show that these path-
based features increase the prediction accuracy.

In the paper Code2vec]|3]] they subsequently showed how these path representations could
be used to continuously embed discrete code fragments into a finite-dimensional real vector
space. These fragments serve as input features for a deep neural network. The embedding
techniques in this paper were heavily inspired by prior work by Mikolov et al.[25]][24]] about
the representation of words into real vector space. The main addition to this method was
the addition of an attention mechanism that allows the model to learn the important part of
the context.

The results show that their code embeddings perform well at preserving semantic relation-
ships between code fragments. Besides, the models do well at predicting the method names
in files across different projects. The scores are depicted as the Fj-Score, which was ex-
plained in Section[2.8] They chose this method instead of, for example, the BLUE score[28]]
because it does not favor short method names that are uninformative. This makes sure that
the predicted method names are of good enough quality.

One big drawback of their model is that they are heavily dependent on variable names be-
cause of the way they train. Their model training is done on open-source projects with a
good variable naming convention.

Previous studies have pointed to weaknesses in the code2vec model, as will be described in
more detail below. This thesis will add to this literature by evaluating the impact of multiple
metamorphic transformations on the trained code2vec model.
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3.2 Embedding Java classes with code2vec

The work by Compton et al.[[8]] builds on prior works on method name predictions through
a convolutional neural network, for which they evaluate Code2vec|3|]. Code2vec converts
java code into a vector representation that can then be used in a neural network. To do this,
it first needs to convert the code into a set of paths that forms the code’s abstract syntax tree
(AST). This AST contains identifier names, on which the original Code2vec model heavily
relies for its predictions. This dependency is a problem since it causes the model not to
be generalizable to unseen java code. As mentioned in Chapter [I] having a good naming
convention in larger codebases is quite valuable. Having a model that can check the method
names in the pipeline of a project will reduce the number of non-descriptive identifier names
and thereby improve the quality of the code. Assessing code quality is usually a step in this
pipeline. However, most programmers know this is constantly being expanded by having
more rules and regulations to improve the quality of the entire code base.

To formulate their research questions, Compton et al. look at the paper by Kang et al. on the
evaluation of Code2vec embeddings[|19]]. Kang et al. found that discarding the embeddings
representing the variable names increases the performance of their trained model. Comp-
ton et al. continue this research and attempt to answer whether the obfuscation of variable
names yields an improvement and how they should aggregate embeddings for methods to
accurately describe the entire class.

To answer the research questions, Compton et al. used seven different smaller datasets, all
mined from open-source projects, which are used to test the accuracy of the embeddings
that were learned. In this representation, all datasets had never been used before in machine
learning literature. In addition to these datasets, four different embedding models are used,
two obfuscation methods, a standard baseline (starting point), and a reduced embedding
trained on a reduced dataset. The embedding models are ways that the datasets are changed
to train a different model.

The obfuscation methods are ways to change the variable names. The methods used are
type obfuscation and random obfuscation. With type obfuscation, the variable names are
changed to include the type of the variable, e.g., an integer field might get renamed to
local _int 1. Random obfuscation grabs random characters and creates a variable name from
this. Through both obfuscation methods, the real variable names are hidden, which causes
the model to be less reliant on these variable names for its predictions. Besides the two
obfuscation methods, the standard baseline dataset is slightly bigger than the obfuscated
datasets. Because of this, they chose to include a reduced dataset with the same number of
examples as the obfuscated datasets.

During experimentation, the datasets were used to train the Code2vec models. Using the
different selection and aggregation methods. The selection methods used were All, Top K
and Random K where K = 5,3,2,1. The base aggregation functions used were max, min,
sum, mean, median and standard deviation. All combinations of the powerset up to size
two were tested for the aggregation functions.

From this experimental setup, they concluded that the performance of Code2vec reduces
when the variable names are obfuscated concerning the method name prediction task. Vari-
able obfuscation is the obfuscation of variable names through type or random obfuscation.
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However, the embedding evaluation showed that the code semantics are better preserved.
Through these results, they conclude that variable obfuscation is a way to increase the ro-
bustness of machine learning models on source code. This decreases the bias towards vari-
able names for the particular task of method name prediction.

Besides evaluating the impact of obfuscating variable names, as done by Compton et al., this
thesis also evaluates the effect of multiple metamorphic transformations on the performance
of the code2vec model.

3.3 Lampion

A relevant paper is the paper Lampion[4] written by Applis et al. since they researched
the robustness of machine learning models using metamorphic transformations, which have
been explained in Section[2.5] The project’s goal was to see what a model understands, and
code summarization could give a clearer insight into this than cold metrics. The main idea
behind the project is to see whether the model’s performance is affected when metamorphic
transformations (MTs) are used on code. They also investigate which MT has the biggest
impact on the model’s performance. The approach presented can be used for testing the
robustness of models towards MTs on the source code. When the model where the MT has
used scores significantly better, it means that the model has a potential weakness towards
that specific metamorphic relation.

To test this, CodeBERT/13|]] was used, particularly its downstream task of code summa-
rization. Code summarization is a task that tries to understand the code and automatically
generate a description for this code. Their metamorphic transformer works at the source-
code level for Java programs. Examples of the transformations used are: renaming a class,
method, or variable, wrapping a random expression in an if (true) statement, or adding un-
used variables. All of these transformations change the source code but not the functionality
of the source code. However, they do impact the abstract syntax tree (AST) that is being
created, which could influence the score in the used performance metric. They also need
a model and an existing benchmark of .java files or sufficient pre-and post-processing to
transform the data points.

They apply the MTs to all data points in the test set in their experiments. This results in
different code samples, which are run through the performance metrics alongside the origi-
nal code samples. In these samples, the BLUE4-Score[28]] is used as a performance metric,
which is standard for code-to-text and text-to-code generation tasks. Here the text is gener-
ated into n-grams, where n is the number of characters taken for each element of the set, and
then compared between the two samples. The Jaccard distance[21]] was calculated next to
measure the percentage difference between the two different Java-doc comments that Code-
Bert generated, which measures the difference between the models. The Jaccard distance
calculates the difference between two sets. The formula for this is written out below. Here
U stands for the union of the two sets A and B, and N stands for the intersection.

ANB

JD(A,B)=1-"—
(4,B) 10B
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An example of Jaccard distance in natural language processing (NLP) is the work by Singh
et al.[35]]. They measure the similarity between two of the same news items on different
sites and in different languages.

To establish significance, they used statistical tests on the achieved results. This test con-
cludes that adding random unused variables impacts the BLUE4-Score the most, and MTs
have a statistically significant impact on the BLUE4-Score.

This thesis uses the same metamorphic transformations as Applis et al. but evaluates the
impact of these on method name prediction.

3.4 Generalizability of neural program models

Another relevant paper by Rabin et al.[30] discusses the generalizability of three state-of-
the-art neural network models. This paper points out that many neural programs with public
repositories are tested on various datasets and perform well. However, how they perform on
unforeseen source code is widely unknown, meaning that the generalizability of the models
is also widely unknown. To test this generalizability, the paper uses a generalizable neural
program model that should perform equally well on code with the same functionalities. In
other words, they use semantic-preserving transformations on their data to test the model’s
generalizability.

As mentioned earlier in this thesis, the generalizability of a model is crucial if it is to be
implemented on a larger scale. The models should be able to perform well on unseen data.
Thus knowing how well a model is generalizable is key to seeing how it can be implemented
in other situations.

To achieve this, they compared the results of different models for the method name pre-
diction task before adding the semantic-preserving transformations. For this, three Java
datasets and three neural network models for code are used, code2vec|3|, codeZseq|2[], and
GGNN]|14]). These result in nine models which are used for evaluation.

Rabin et al. s experiments show that even with a small change to the programs, these models
often fail to generalize their performance. The findings conclude that models based on data
and control dependencies in programs generalize better than models based only on ASTs.
These results were gathered for one task in Java programs for the models code2vec, code2seq
and GGNN. Whereas this paper has highlighted general weaknesses in the code2vec model,
this thesis will compare the impact that different semantic-preserving transformations have
on the performance.

3.5 Code2seq: Generating sequences from structured
representations of code

CodeZ2seq is a code-to-sequence model focused on the ability to generate natural language
sequences from source code, e.g., summarization. The Code2Seq they presented is an al-
ternative approach to sequence-to-sequence models that uses the syntactic structure of pro-
gramming languages|2].

It is similar to Code2vec but performs significantly better at the code summarization task,
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as presented in the paper. They also measured the performance using the Fj-Score com-
pared to the length of the input code. Across all method lengths CodeZ2seq performs better.
One of the main differences is that the models of Code2vec can generate unseen sequences
compared to Code2vec, which has a closed vocabulary.

Because of the better performance of CodeZseq for the code summarization task, this thesis
will also incorporate these models and try to replicate this performance on the method name
prediction task. We also keep in mind that Rabin et al.[29]] evaluated the generalizability
of both Code2vec and Code2seq. One observation he made was that both are vulnerable to
different transformations. Rabin et al. also observed a direct correlation between the size of
the methods and their sensitivity to changes in the prediction under transformation.

23






Chapter 4

Approach

This chapter gives an overview of the technologies used. This chapter assumes basic knowl-
edge of genetic algorithms and neural networks. These subjects are introduced in Sec-
tion and Section for neural networks and genetic search, respectively. Section [2.2]
introduces neural network attention, which is used in the code2vec models and discussed
further in Section 4] regarding the architecture of the code2vec neural network.

In Figure@the standard code2vec (dark blue) and the additional operations for the search
(light blue) are depicted. These added components showcase where our tool is added to
the standard code2vec. The Lampion project by Applis et al.[4] is also part of this diagram
since this thesis uses transformers created by them.

addNode, 0.48

findChar, 0.31

factorial, 0.59
Altered files

} Lampion

Guided-MT-Code2Vec

-

Figure 4.1: Additional operations for searched code2vec

Before the program runs, we first need to define the user requirements that specify the
metrics based on which we will calculate the fitness. This is then implemented in the config-
uration file, which can be changed to optimize based on different metrics or a combination
of different metrics.

The program’s first step is to evaluate the performance of the initial dataset without any
metamorphic transformations applied, which is used as the base value or null hypothesis,
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which is further explained in Section [5.5] After that, the genetic algorithm, as explained
in Section is used to determine the best combination of transformers for the chosen
metrics. To do this, the transformations are randomly applied to the dataset, after which
the genetic algorithm determines which combination of transformations is the best for the
current configuration. All metamorphic transformers used in this thesis are explained in
Section

Within the genetic algorithm, an individual’s fitness is calculated by running the transforma-
tions on the dataset and then running the dataset through the code2vec model. The outputs
of the code2vec model are predictions with their respective certainty. These predictions can
then be parsed by different metrics given by the configuration file to calculate the score.
Depending on the configuration, all the metrics combined with their respective weight can
then determine the individual’s fitness.

The pipeline of our program is depicted in Figure[4.2] First, the metrics and transformer
engine properties are initialized. Then the program creates the initial population for the
genetic algorithm, after which we evaluate its fitness by applying the transformers and then
evaluating the dataset with the code2vec model. Afterward, we calculate the fitness of each
individual in the population and evolve the population. The program ends when either the
amount of generations has been steady for too long or if the maximum time has passed.

4.1 Generalization and key metrics

This thesis discussed the generalization problems with source code models in Section [3.4]
Another way of describing generalization is how well a particular model performs on data
it has not seen before. During the training of the neural network, there needs to be enough
variance in the data so that the network can adapt to a wide variety of data points. This
should make the model more robust to different kinds of data during testing. One way the
degree of generalizability is measured is metamorphic testing.

The program of this thesis uses the metamorphic transformations from the Lampion project
and therefore uses the transformers built by the Lampion project. These transformers are
discussed further in Section

The work by Compton et al., discussed in Section[3.2] has already proven that the robustness
of trained code2vec models is vulnerable to variable obfuscation. In this thesis, a better
insight will be gained into the influence of the other metamorphic transformations. In most
papers on method name prediction, the MRR and F1-score are used as key metrics to assess
the performance of the trained code2vec models. This thesis will also look into other metrics
and can maximize or minimize a combination of these metrics. This will give us another
insight into the model’s performance and the influence of metamorphic transformations on
the performance. If the metamorphic transformations greatly influence the metrics, then the
trained code2vec model does not generalize well with respect to that particular combination
of metrics or single metric. This is discussed in more detail in Section 4.5]
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Figure 4.2: Processing pipeline

4.2 Transformers

In this thesis, several transformers are used that may influence the predictions of the trained
code2vec model. These transformers are explained below with examples. The paper by Ap-
plis et al. gives a more detailed explanation of these transformers. The Lampion Githu
also explains the transformers well. All transformers and their respective explanations are
listed at the bottom of this section in Table [4.1]

Thttps://github.com/ciselab/Lampion

27



4. APPROACH

These transformers are chosen at random during initialization and mutation. Its trans-
formers are applied to the dataset to calculate an individual’s fitness. Each transformer
implements a different MT. For instance, the IfTrueTransformer puts an if-true statement
around a code block. This means that the code will always get executed and only changes
the underlying AST, not the functionality. If there is a return statement in the method we
are transforming, the transformer will add an else statement and return a neutral element.
Another example is adding a neutral element. If we add a neutral element to an integer,
double or long would add 0 to the variable. Adding it to a String would be adding an empty
string to it.

A visual representation of all transformers can be found in Appendix |A.1

Transformer Explanation

IfTrueTransformer Add an if-true statement to a method
IfFalseElseTransformer Add an if-false-else statement to a method
RenameVariableTransformer Rename existing variable
AddNeutralElementTransformer Add a neutral element to a statement
AddUnusedVariableTransformer Add an unused variable
LambdaldentityTransformer Add a lambda identity to a method call
RandomParameterNameTransformer Rename a parameter

Table 4.1: Transformers and their explanation

4.3 Genetic algorithm

The general purpose of a genetic algorithm has already been explained in this thesis, and
the theory behind genetic search has been explained in Section This section will focus
on this thesis’s specific implementation of its genetic algorithm. For this, we did not use a
library since these libraries did not easily support variable length for the genotypes. In our
program, we need to mutate the individuals and increase the number of transformers we use
in every generation. We also want the opportunity to use transformers twice or even three
times, which many other frameworks do not support.

As mentioned at the start of this chapter, the genetic algorithm is used to determine which
combination of transformations gives the best performance for a certain metric or multiple
metrics. Some of these metrics have already been explained in Section and the others
are explained in Section4.5]

4.3.1 Genetic algorithm: Implementation details for MT's

In Table there are several definitions that are used across this subsection. The chro-
mosome is defined as the genotype of an individual, in the case of our program, the list
of transformers, as depicted in Figure 4.3] The initial population is created by creating
the metamorphic individuals. A metamorphic individual consists of a list of metamorphic
transformers that are applied to the base dataset. The metamorphic individuals are initial-
ized with either 1 or 2 random transformers for the initial population. All individuals in this
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4.3. Genetic algorithm

initial population are evaluated, and their fitness is cached. This is done because the fitness
calculation is quite expensive.

Genetic algorithm concepts Definition

Chromosome List of transformers

Phenotype Applied transformers to a datapoint

Population A set of chromosomes together at time t

Metric A way to measure the performance of a
model

Fitness The metrics applied to the chromosome
used to guide the search

Table 4.2: Genetic algorithm concepts and their definition

The fitness calculation consists of first running the MTs on the original dataset. This
creates an output dataset on which we run the preprocess script so the trained code2vec
model can then evaluate it. This is necessary because the neural network can only evaluate
a dataset that was first preprocessed by that script. The model then returns results that are
parsed into the metrics of interest for the fitness calculation. These metrics, together with
their weights, which are configured according to the hyperparameters of the experiments,
calculate the fitness of this metamorphic individual. If the population size is five, this pro-
cess must be performed five times per generation. This can become very expensive, so
efficiency is key.

After a population is evaluated, it is evolved to the next generation through tournament se-
lection, crossover, and mutation. Tournament selection takes one parameter, the tournament
size, which indicates how many random individuals the program takes for the selection pro-
cess. If the tournament size is set to 4, the algorithm will take four random individuals and
take the best one from that. Our genetic algorithm does this tournament selection twice to
create the two parents used for crossover.

In the crossover process, the two parents produce two children individuals. The algorithm
uses the crossover rate to determine which child gets which gene. If the randomly generated
number is smaller than this crossover rate, then the first child gets the gene from the first
parent, and the second child gets the gene from the second parent. If the randomly gener-
ated number is larger, the opposite happens. The crossover process is depicted in Figure
This is done for the entire population, and afterward, the mutation is randomly introduced.
The mutation consists of randomly increasing and decreasing the size of the individuals.
The individuals’ size increases when the randomly generated number is smaller than the
predefined rate. Otherwise, the individual’s size is decreased. Both these operations are
depicted in Figure[d.4] The increasing rate will always be higher than 0.5 so that the further
we get in our evaluation process, the individuals in our population get a larger list of trans-
formers as their genotype. After the population is evolved, the whole process starts over,
and all individuals are evaluated against the trained code2vec model.

The program terminates when the best fitness has remained steady for a certain amount
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Rename variable Add unused
Seed 61 Seed 23

IfFalseElse Add Lambda Add neutral
Seed 91 Seed 12 Seed 73

Figure 4.3: Example chromosomes for the genetic algorithm

Mutation

IfTrue Rename variable
Seed 3 Seed 61

Increase size

IfTrue
IfTrue Rename variable Add unused Seed 3
Seed 3 Seed 61 Seed 23

Figure 4.4: Example mutation of genes for the genetic algorithm

Decrease size

of generations. This will usually be between 20 and 50 for population sizes of around 10.
If the best fitness improves, this is reset back to zero. This way, we try to ensure we do
not get stuck in a local top and potentially mutate our way out if we are stuck there. All
these things used for the evolution of the population are done with a certain probability. In
projects that use genetic search, there is usually a time-based second termination criterion.
If the program exceeds a certain time threshold, it terminates and is considered complete.
This thesis will also have such a time threshold.
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4.4. Model architecture

Crossover

IiFalseElse Add Lambda Add neutral
Seed 91 Seed 12 Seed 73

IfFalseElse Rename variable Add unused
Seed 91 Seed 61 Seed 23

Figure 4.5: Example crossover of genes for the genetic algorithm

4.4 Model architecture

In this thesis, we use the code2vec neural network[3] and evaluate their trained model.
However, to get a clear picture of how all the experiments work, we should look at the ar-
chitecture that Alon et al. used. This architecture is depicted in Figure #.6] To explain this,
we distinguish three parts combined in the figure: the attention weights, the context vectors,
and the prediction. The background explains the attention mechanism (Chapter [2). This
architecture’s main idea is to compute a scalar weight for all combined context vectors. Just
like most learnable aspects of a neural network, it is initialized randomly and learns simul-
taneously with the rest of the network.

— _ attention
© _ weights .
. - O
L = @
) - [
o 0
@) > @)
© _ .
prediction
code vector
fully-connected O
context : layer combined O
vectors @) - context vectors

Figure 4.6: Code2Vec neural network architecture (Alon et al. 2019)

Next are the context vectors. All the context values are learned, and the values represent
the semantic meaning of the context and the attention the context should get. The problem
Alon et al. ran into was that there could be an arbitrarily large number of context vectors,
and all of them need to be aggregated into a single vector. A single context vector consists
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of three items, two value embedding vocabularies (value_vocab), and a path embedding vo-
cabulary (path_vocab). The path_vocab maps the two value_vocab values to each other.
The fully connected layer depicted in the figure learns to combine the different vector com-
ponents. The model can give different attention to each combination of path and value
embeddings. A certain path can get more attention with some values and less attention with
others.

The next step in the context vector is aggregating multiple contexts into a single vector
representation together with attention. The attention weight a; for a corresponding context
vector is calculated as follows:

exp(cl -a)

T Y en(c -a)

This equation means that the sum of the attention weights is always 1, as standard in softmax
functions. The code vector v is then simply taken as )7, a; - ¢;. As explained in Section
a simpler way of looking at attention is as a weighted average, where the weights are learned
with respect to all other path contexts. A more detailed explanation of the attention mech-
anism in the code2vec models is given in Section [2.2] As mentioned in this section, our
program uses soft attention. The attention used in the architecture depicted in Figure is
also explained in more detail.

The last part is the prediction and is essentially the probability that a specific tag is assigned
to a given code snippet. The prediction is calculated by computing the softmax-normalized
dot product between the code vector and each of the tag embeddings. These tag embeddings
are learned as part of the model training.

4.5 Fitness calculation

This research aims to find a variance in the different metrics used to represent the perfor-
mance of trained code2vec models. With the known metrics, like MRR and F1-score, we
can compare the baseline to the final results and see the variance. If this variance is large,
the model is not robust.

This research will also aim to optimize the multi-objective performance of metrics used in
prior works and custom metrics. We divide our metrics into primary and secondary metrics.
The primary metrics are metrics that we will try to optimize through genetic search. The
secondary metrics are used to display different performance statistics. The primary metrics
this research will look at are:

* MRR

F1-score

L]

Recall

¢ Precision

Edit distance
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4.5. Fitness calculation

The metrics edit distance is calculated over the first prediction of the model. The edit dis-
tance metric score is calculated by 1/(edit_distance+1). The edit distance is taken between
the prediction of the model with the highest likelihood and the actual label.

Besides those, we also have a custom metric called percentage_ MRR. This metric is used
to answer the third research question. The percentage_MRR metric takes the certainty of a
model’s prediction into account instead of only considering the rank, like with MRR. An
example of the calculation is when the certainty of the correct prediction is 20%, the score
for that prediction is 1 . This penalizes the model when it is uncertain and rewards a cer-
tain prediction. For all predictions the model makes, we average the score like MRR. The
equation for this and MRR are depicted in Figure For example, when we take predic-
tions [monkey, gorilla, cat, dog] again with the respective certainties of [35%, 20%, 15%,
10%] where the correct answer is cat. The MRR score is 1 whilst the percentage_ MRR
score is 100 This is an example with just one data point. The program reports the average
percentage_MRR score when there are multiple data points.

Q|
MRR = Z
|@| rank;

Q|

Percentageypr =

@Zl certainty;
=
Figure 4.7: Equations for MRR and Percentage_MRR

We define secondary metrics as those that do not directly show the performance of a
model. The most important secondary metric we inspect is the number of transformers,
as we expect that the model’s performance will decrease with more transformers applied.
With this secondary metric, we can, for example, look for the biggest change with the least
amount of transformations.

Other than that, we also look at the prediction length and the input length as secondary
metrics. The prediction length is determined by taking the average length of the predictions.
It is used to see if we can simultaneously maximize and minimize the prediction length
while maximizing performance metrics. The input length is calculated the same way.
These metrics are interesting because we do not want to make the files too big or make them
unrealistic. Another reason for keeping track of these metrics is that we need to keep the
changes close to the original data points.

4.5.1 Impact of a smaller dataset

In our experiments, we randomly sample 30 files from the java-small dataset that code2vec
offers, which resembles 0.58% of the whole test set. The trained model might not perform
as well on the randomly selected files as it would on the whole dataset, which might result
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in a lower performance. For our experiments, we do, however, want a baseline performance
of our sample dataset so that we can measure the change. This baseline performance is
measured at the beginning of every run on the unedited dataset.

4.5.2 Pareto front

A great way to look at multi-metric performance is the Pareto front, where each cell in a
Pareto solution corresponds to the fitness of a metric. The Pareto front allows us to see
what the multi-metric optimums are. The Pareto front is based on dominance, defined as a
multi-objective solution where no part of the solution is worse, and at least one is better. So
the solution (1,2) is Pareto dominant over (1, 1) but not dominant over (2, 1). A solution is
added to the Pareto front when it is Pareto efficient, meaning that no other solution in the
front dominates it. A solution is Pareto efficient if another solution does not exist where an
element is better without another element being worse.

For this research, a new solution is added to this set when no metrics lose and at least one
improves. This results in a set of solutions defined as the Pareto front, which is a set of
efficient choices for our multi-objective problem. This thesis uses the Pareto front for its
primary and secondary metrics. Ngatchou et al.[27]] give a clear explanation of solving a
multi-objective optimization problem. The Pareto front is also explained in more detail in
their paper.

To illustrate the theory mentioned here, we look at an example. If the current Pareto front
is [(1,3),(2,2),(3,1)] and the goal is to minimize, then adding a solution that is better than
one or more of the current ones should change the front. Suppose (1, 1) is added as a new
solution. In that case, it is better than all the current solutions meaning that the new Pareto
front is [(1,1)] because this solution is Pareto dominant over all other solutions. If instead
of (1,1) we add (5, 1), the Pareto front doesn’t change. This solution is not dominant over
any of the current solutions on the Pareto front. If instead, the Pareto solutions have more
dimensions, the same logic applies. However, in this thesis, we only use two dimensions.
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Chapter 5

Experiment Setup

In this chapter, the experimental setup is discussed. These experiments answer the research
questions specified in Section First, we specify the hardware specifications so that the
time each experiment takes can be estimated by people reproducing them. After that, all
individual experimental setups and how they answer the research question are mentioned.
We ran each experiment 10 times because the project had randomized elements. We take the
average of these ten runs and compare that to the baseline performance of the model (per-
formance without any transformations applied). In Figure the flow of the experimental
setup is displayed. Everything in this diagram will be explained.

Original set of java Test

files. Dataset Guided-MT-Code2vec

program is run 10 times
per configuration

Experiment Configuration ‘
configuration & metrics 2 » Guided-MT-Code2vec Averaged
we want to Metri ‘ Results
minimize/maximize. e

Run everything 10 times
with 10 different random Seeds |
seeds.

Both metrics & Pareto
fronts per configuration

Figure 5.1: A diagram for the experiment setup of this thesis

5.1 Computer specifications

The experiments explained in this chapter run on the high-performance SERG (software
engineering research group) faculty computer (HPC). The SERG faculty has a share of the
machine and a certain number of CPUs that the members of the faculty can use. I ran the
experiments on these CPUs to run them in parallel and faster than my machine could.

The computer has an AMD EPYC 7H12 64-Core Processor as a CPU. The experiments run
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for this thesis used four cores per experiment, and ten experiments were run in parallel. This
means that in total, we used 40 cores, which we could do on one CPU.

5.2 Parameter sampling

This genetic search algorithm in this thesis has multiple parameters that need to be fitted
before we can start the experiments. This will be done using the sampling method. With
sampling, we try different parameter combinations to see which converges fastest to the
optima. There are three parameters for which we chose the values using sampling. These
parameters are the uniform rate, the mutation rate, and the increase rate. These rates are
explained in Section #.3.1] and defined below. We picked three potential values for each
of the abovementioned rates and sampled all combinations. The outcome of this with the
values for all other parameters are:

Hyperparameter Value
Crossover rate 0.7
Mutation rate 04
Tournament size 4
Increase rate 0.7
Population size 10
Maximum steady generations 35
Maximum time in minutes 480

Table 5.1: Hyper parameters used in all experiments

Since the fitness function is expensive, we chose a low population size of ten, which
still covers a good initial population. Together with this, we chose a tournament size of 4 so
that the best individuals would be kept in the population.

5.2.1 Termination parameters

This thesis has two termination parameters: the maximum amount of steady generations
and the maximum amount of time in minutes. Both are mentioned in table [5.1] with their
respective values. We chose 35 for the maximum amount of steady generations because,
during sampling, this value made the program run fast enough. If it does not find a new
solution within those 35 generations, it will usually not find it in 40 generations either. Any
lower will significantly limit the program’s ability to find a better solution.

The maximum time in minutes was also chosen by sampling. The experiments should
not exceed 480 minutes, but when they do, we will terminate the program and restart the
experiment. During the sampling for the hyperparameters, the most time an experiment
took was 240 minutes. This number was doubled to get the maximum time an experiment
could take.
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5.2.2 From data point to output

In the experiments for this thesis, each data point equals a function in the dataset that is
being evaluated. When a metamorphic individual is evaluated, the genotype’s metamorphic
transformers are applied randomly to each class. This modifies the dataset, which is then
used to evaluate the model and output the predictions. From these predictions and corre-
sponding certainties, we can then create a score corresponding to the metric configured for
that particular experiment. This score will then be translated to a fitness depending on the
number of metrics used in the experiment.

5.3 [Experiments

In the experimental setup, we must ensure we can answer all research questions posed in
Section[I.2] All experiments described here are divided into the research question they are
used for. As mentioned earlier, we did the experiments on the 30 test files we randomly
sampled from the java-small dataset. In these 30 files, there are 267 data points(= methods)
that the code2vec model evaluates.

To answer the first research question, we need to answer: Does adjusting the semantics of
the test-set data affect the scoring metric? To answer this, we will look at the difference
between the average fitness without any transformers added and the average of the best fit-
ness of the genetic search runs. This gives us insight into how data augmentation can affect
the scoring metrics and to what extent. We try individually minimizing the metrics MRR,
F1-Score, recall, and precision. These metrics are all commonly used to represent the per-
formance of the model. These experiments can thus indicate whether there is a significant
difference when adding transformers. This is a total of eight experiments to answer this re-
search question. For these eight experiments, there will thus be eight different configuration
files that have the respective metrics enabled, and the objective is to minimize the score of
this metric through genetic search.

Research question Experiments

Does adjusting the semantics of the | Perform Genetic Search to Minimize
test-set data affect the scoring met- | each: MRR, F1, Recall, and Preci-
ric? sion

The second research question is: Does adjusting the semantics of the test-set data in-
fluence the combination of performance metrics? This question has already been partly
answered by the experiments we ran for research question 1. The original performance of
the model was measured with the MRR, F1, Recall, and Precision metrics. To see whether
the transformations improve the performance of the combinations of these metrics, we will
assess the combination of these primary metrics with the objective of minimizing the per-
formance. Recall and precision should be opposing metrics. When the Recall score goes
up, the Precision score usually goes down. Optimizing a combination of this will thus be
interesting to see if we can find a Pareto front for this. As mentioned above, all individual
metrics were already evaluated for research question 1.
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We will minimize the number of transformations to see a clear Pareto front between the
number of transformations and their respective primary metric. We will see what the Pareto
front, explained in Section is and compare that to the baseline results. The Pareto
front will show multiple multi-metric optima between the following combinations of two
metrics:

1. Recall & Precision

2. F1 & MRR

3. Recall & number of transformations

4. MRR & number of transformations

5. F1 & number of transformations

6. Precision & number of transformations

The number of transformations is an interesting metric since it shows us how much we
need to influence the raw source code before a certain metric is affected. We aim to illustrate
this using a graph showing the Pareto front of the metrics combinations mentioned above.

Research question Experiments

Does adjusting the semantics of the | Search for Trade-offs between com-
test-set data influence the combina- | binations of Primary and Secondary
tion of performance metrics? Metrics and Display them via a
Pareto Front

For the last research question, we try to answer whether there is an alternative metric to
MRR that can correctly represent the performance of a model. We formulated an alternative
metric to the ones used in other papers. This metric is percentage_MRR as explained in
Section 4.5] To see if the percentage_ MRR gives a good representation of the performance
of the trained model, we evaluate percentage_MRR together with the experiments we used
to answer research question 2. We replace MRR with percentage_ MRR and look at the
discrepancy between the outcomes to see whether percentage MRR correctly represents
the model’s performance. We also evaluate percentage_ MRR together with MRR and on
its own. In every experiment, the metrics are minimized except for the prediction length,
which is both minimized and maximized.

1. percentage_ MRR & F1
2. percentage MRR & MRR
3. percentage_MRR

From these experiments, we collect the percentage change between the baseline value
and the result and the Pareto fronts of the metric combinations. These Pareto fronts will
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display a relationship between the metrics for that experiment.

Research question Experiments

Is there an alternative metric to MRR | Compare the change values of the
that can correctly represent the per- | new metric to MRR

formance of a model?

5.4 Random experiments

For a better insight into the benefit of using guided metamorphic transformations instead,
we will also perform random metamorphic transformations on the test set and see the con-
sequences of that. We do this for the one metric experiments and the comparison with the
number of transformations. With these extra experiments, we hope to depict the differences
between the baseline values, the random experiments, and the genetic search.

This results in a total of 9 extra experiments that are listed below:

1. F1

2. MRR

3. Recall

4. Precision

5. Percentage_ MRR

6. Recall & number of transformations
7. MRR & number of transformations
8. F1 & number of transformations

9. Precision & number of transformations

5.5 Significance testing

In software engineering research with machine learning, multiple models or results are often
tested against each other. Two papers might have a different neural network for the same
task where they want to determine if either is an improvement. Using statistical testing,
the authors can determine if a model is significantly better than another model. For this, we
first assume the null hypothesis. Under the null hypothesis that both models perform equally
well, it can be determined that the results are not likely to occur at random. The p-value
is the chance that the null hypothesis would be wrongly rejected. In other words, finding
a difference that should not be there. Suppose the results produce a small enough p-value
(< 0.01), then it can be concluded that the null hypothesis is incorrect, which means that
the models do not perform equally well, and one of them is better. The lower the p-value,
the greater the statistical significance of the difference.
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5.5.1 Statistical tests

A statistical test that applies is the paired Wilcoxon test[9]. The paired Wilcoxon test is
used to determine statistical significance between two dependent sets of values, which is
the case here as the same source code is part of both sets. This thesis cannot use the paired
t-test because the data is not distributed according to a normal distribution[36].

To perform the paired Wilcoxon test, we first rank the paired differences according to their
absolute values. Then, we compute the sum of positive ranks and the sum of negative ranks.
The minimum of these will be the test statistic, Wg. When then, fill in the following three
formulas:

nn+1
,UWR: (4 )
5 _\/n(n+1)(2n+1) Y3 —Yrt
K 24 48
W_
ZW: R — Hwp
Owy

In practice, all these formulas are performed using statistical analysis software. This thesis
uses the python package scipy.stats.wilcoxorﬂ for that purpose. The null hypothesis for
these tests is that the sets are not statistically significant. When the p-value is less than
0.05, we consider the null hypothesis rejected and thus consider there to be a statistical
significance.

5.5.2 Effect size

The effect size is used to determine the magnitude of the results found. This is often used
with the p-value to indicate whether the results are statistically significant and if they have
a large effect. Sullivan et al. explained very nicely why this is necessary and said: “Effect
size helps readers understand the magnitude of differences found, whereas statistical signif-
icance examines whether the findings are likely to be due to chance.”[37].

Together with the paired Wilcoxon test, this thesis uses Cliff’s delta[22] to determine the
delta value. According to Vargha et al.[38] the delta value is considered large if it’s greater
than 0.43.

Uhttps://docs.scipy.org/doc/scipy/reference/generated/scipy.stats. wilcoxon.html
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Chapter 6

Results

This chapter discusses the results from the experiments discussed in Chapter [5] This chap-
ter is divided into three sections for each type of experiment: first, the individual metric,
excluding the custom metric percentage MRR, experiments will be discussed. Secondly,
the multi-objective experiments will be discussed, and the different Pareto fronts will be
illustrated. Then, the custom metric experiment results are illustrated. For each section,
we will talk about the implications of the results. Lastly, we will look at the distribution
of transformers used in the best individuals and see if we can see some pattern for which
transformer has the most impact on the metrics.

6.1 Individual metrics

As explained in Section[5.3] the first experiment of this thesis was to evaluate the individual
metrics that have been used for several years. The objective was to minimize the following
metrics: Fi-score, MRR, recall, and precision. Through this, we try to discover the model’s
weaknesses and assess our program’s impact. The most important thing to look at in the
results of these experiments is the initial score and the best score after the genetic algo-
rithm. We ran every experiment 10 times to account for the random factor in the program.
We average over the ten runs per experiment and get one average initial and one average
maximum value for each experiment. These values are depicted in Figure [6.1]together with
the Percentage_ MRR metric experiment.

We can see that the average best, which is the best score according to the objective func-
tion, is lower than the average initial/baseline values. This means that adding the different
transformers decreases the performance of the trained code2vec model. As a reference, we
also added random experiments to the histogram. We can see that the random metamorphic
transformations already negatively affect the model’s performance. This is the case for all
individual metrics as displayed in Figure

In Table [6.1|below, we use these values to determine whether the results we got are sig-
nificant. We use the paired Wilcoxon test to determine this, and the corresponding p-values
are also given in this table. Since all these values are below 0.01, we can conclude that
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there is a significant drop in performance when metamorphic transformations are added to
the dataset that the trained code2vec model evaluates. The same table also indicates the
effect size of each of the experiments. The effect size measures the magnitude of the effect
of the experiment. The greater this value is the more significant the experiment’s impact.
All our effect sizes are considered large according to the theory in Section[5.5.2]

Initial, random search and best score averaged over 10 random seeds
10

M Baseline score
B Random

Score after GA
0.8

0.6

0.4

0.2 4

0.0 -

Score
-
.

Experiments

Figure 6.1: PMRR, MRR, Fj-score, recall, and precision metrics initial, random, and after
GA scores

Experiment | Baseline | Random | After GA | Wilcoxon p-value | delta value
PMRR 0,152 0,135 0,119 0.00586 0.66
MRR 0,531 0,472 0,445 0,00195 1.0
Fl1 0,598 0,572 0,506 0,00195 1.0

Recall 0,536 0,511 0,434 0,00195 1.0
Precision 0,678 0,658 0,595 0,00195 1.0

Table 6.1: Individual experiments and corresponding p-values

Adding the random transformations experiment allows us to see the rate at which the
performance declines with different amounts of transformations applied. In Figure [6.2] the
differences between the initial baseline score, the score with 5, 10, and 20 random transfor-
mations, and the score after the genetic algorithm are visualized. This is done for all single
metric experiments, and the rest of the graphs can be found in Appendix [A.2] For every
metric tested, adding more random transformations decreases the score, but to a larger ex-
tent for the genetic algorithm.

Since we use different scoring metrics that consider multiple predictions made for one la-
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bel, it is hard to put this into perspective. However, if we assume that all correct predictions
made were the first guess by the model and the rest is wrong, we can say that this MRR
score means that about 53% of the predictions are correct. When we add the metamorphic
transformations, this drops to 45% correct predictions.

Comparing baseline, random search and genetic search
for the code2vec model performance with F1 metric

1.0

0.8

0.6

F1 Score

0.4 1

0.2 A

0.0 -
Baseline 5random 10random 20 random GA

Figure 6.2: Comparison baseline, random search, and genetic search with the Fj-score met-
ric

For all primary metrics, our results show that both random application and genetic
search can impact the metric. Our results show that genetic search results in a
12.3% to 21.7% change between the baseline score and the final score

6.2 Multi metric experiments

We also ran experiments taking into account different combinations of metrics. Illustrating
these metric combinations will give us insight into the effect of transformations on the
metric combinations and whether one metric might be affected more than others. First,
we want to examine the impact of the number of transformations on each basic metric.
An interesting thing is the extent to which an x amount of transformations that are not
random can impact a specific metric. We anticipate that applying more transformations will
further decrease the model’s performance and that the guided search will result in a bigger
performance impact than the random search.

Subsequently, we look at the impact on the combined basic metrics. Here we expect the
Pareto fronts to be around the linear line for each combination of metrics. The goal is to see

43



6. RESULTS

the trade-off between these metrics and see what metric decreases more in score than the
other. The Pareto fronts give a perfect visualization of this.

6.2.1 Number of transformations comparison

In Figure [6.3] we can see how the score changes with every extra transformation we add.
However, given the same number of transformations added, the impact on the performance
is bigger for the guided search (purple dots) compared with the random search (green dots),
as shown by the different shapes and slopes of the fitted lines. To illustrate, the average ini-
tial and average scores after the genetic algorithm have also been added to the graphs. For
the average score after the genetic algorithm, the average Fi-score and the average number
of transformations are used. For the Pareto solutions, we use the median with each number
of transformations for both the genetic and the random search.

For the guided search, the number of transformations added initially has a bigger impact on
the Fi-score but becomes smaller when multiple transformations have already been added.
For the random search, the relationship is more linear, meaning that additional transforma-
tions added have a similar impact on the performance.

Pareto front F1-score and number of transformations
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Figure 6.3: Fj-score & number of transformations median Pareto

We come to the same conclusions when we look at the results for the experiments of
the other three metrics, MRR, recall, and precision. These graphs can be found in Ap-
pendix [A.3] We can see that the random experiments result in a performance drop for all
multi-metric experiments with the number of transformations. However, the guided experi-
ments have a bigger drop for every number of transformations applied.

From the results in Section[6.1] we already know that certain metrics experienced a bigger
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drop than others. For example, MRR was affected more by the genetic algorithm than the
Fi-score. In Figure[A.14] we see that the drop in performance with each added transformer
does not become significantly smaller. Adding more transformations does not decrease its
impact on the MRR metric. To conclude this, we need more data points than we currently
have.

We see a different trend in the recall metric, Figure [A.12] The trend for the recall metric
is more linear. In both the genetic search and the random search, we see an increase in the
impact of each transformation when more transformations are added. We also notice more
outliers than in the previous two graphs.

Figure compares the precision score with the number of transformations. We notice
that the average score after the genetic algorithm is no longer the lowest value in the graph.
This graph clearly illustrates the difference between taking the average over multiple runs
and taking the median. There is a median point that resulted in a worse precision score.
However, some runs finished with a higher score meaning that the average score after the
genetic search runs is also a little higher. We also see that the impact of added transfor-
mations by the genetic algorithm becomes larger. From this, we can conclude that when
a more significant number of transformations are applied, they have a greater effect on the
precision metric than, for example, the recall metric.

6.2.2 Basic metric combinations

The first multi-basic-metric experiment we did with the genetic algorithm was recall and
precision. As mentioned in Section [2.8] some predictions can have a low recall but a high
precision score. An example of this is when the correct label is CountLines and the predic-
tion is Count. This will get a precision score of 1 since Count is in the expected labels, but
a recall score of 0.5 since Lines is not in the predicted labels. Because of this, we assumed
that both would decrease at a similar rate when transformations were added. We can see in
Figure that there is indeed a linear relationship between these metrics when metamor-
phic transformations are applied.

If we reverse engineer the Fi-score to its solution set of recall and precision values, we
get a quarter circle in our graph, which is visualized in Figure[6.5] Here we can see that the
solutions gathered by the multi-objective Pareto front are in line with the solution circle for
the average Fj-score after the genetic algorithm. From this graph, we can conclude that the
single-metric experiments for the F|-score behave similarly to the projected behavior in the
Pareto front of this experiment.

Another interesting combination is the two most used metrics for measuring perfor-
mance in method name prediction. With previous results, we have already seen the impact
of metamorphic transformations on both of the individual metrics. Through the individual
experiments, we already established that the performance decreases by adding metamorphic
transformations to the test dataset.

In Figure the points are more on a constant line where MRR slightly decreases but F1
stays rather constant. When the (0,0) point has been excluded, the trendline (dotted line)
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Pareto front recall and precision
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Figure 6.4: Recall and precision metrics Pareto front measured with genetic search
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Figure 6.5: Recall and precision metrics Pareto front measured with genetic search with
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changes to a more horizontal line. This means that both metrics are impacted when meta-
morphic transformations are applied. However, we can see that the MRR is impacted more
than the Fj-score when we optimize both metrics. This is consistent with the single metric
experiments and thus was the expected result.
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Figure 6.6: Fj-score and MRR metrics Pareto front measured with genetic search

Our results show that the performance drop decreases for all metric combinations
when more transformers are added. The results show a linear relationship in the
Pareto front of the metric combinations. However, some metrics suffer more from
the applied transformations than others

6.3 Percentage MRR

In section4.5|the custom metric percentage_MRR was proposed as a new metric that would
better reflect the performance of a model. Percentage MRR penalizes the certainty of a
model instead of penalizing the prediction rank. We already saw the performance decline
of percentage_MRR together with the other metrics in Figure [6.1]

In Table this metric is compared to MRR. We can see that the initial score is less than
a third of the MRR score, which was expected since percentage_MRR is a stricter metric.
One notable thing is that the relative difference for percentage_MRR is higher than that of
MRR. This means that the impact of metamorphic transformations is higher for this metric
than for the MRR metric, which indicates that the model becomes more unsure with meta-
morphic transformations added. All of this is visualized in Figure|6.7
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Experiment ‘ Baseline ‘ After GA ‘ Relative difference
MRR 0,531 0,445 —16,14%
Percentage MRR | 0,152 0,119 —21,74%

Table 6.2: Individual experiments and corresponding relative difference

Initial score vs best score averaged over 10 random seeds
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Figure 6.7: Comparing MRR and percentage_MRR their baseline score and score after the
genetic algorithm

For further comparison, we displayed the density graphs of both metrics, Figure [6.8]
We see that the distributions of both metrics are similar, except for the fact that the per-
centage_MRR distribution is diluted compared to MRR. It is, however, important to keep in
mind that the main difference between these metrics is that the percentage_MRR is a stricter
metric, meaning that the score will always be lower. If the resulting percentage_MRR score
is higher, meaning that the model is certain about its predictions, and adding M Ts will likely
not change too much. This means that to get a more accurate representation of the robust-
ness of the model, percentage_ MRR could be used.

The next metrics we did the multi-metric experiment with were percentage_MRR and
MRR, Figure [6.9] This experiment aimed to see whether both metrics would decrease at
around the same rate when transformations were applied to the test dataset. Like with the
other metric combinations, there is a linear relationship between percentage_MRR and MRR
when the genetic algorithm uses both metrics in the objective function with equal weights.
We also evaluated percentage_MRR together with the F;-score. However, there was no clear
relationship in the Pareto front of these two metrics, as seen in Appendix [A.3]
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Density plots for MRR and Percentage_MRR per data point
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Figure 6.9: Percentage_ MRR and MRR metrics Pareto front measured with genetic search

The proposed metric, percentage_ MRR, can be considered an alternative to MRR,
which is catered toward determining the certainty of the model. It also suffers a
bigger drop in performance score when metamorphic transformations are applied
using genetic or random search. These observations indicate that percentage_MRR
is a good robustness metric that penalizes uncertainty.

49



6. RESULTS

6.4 Transformation distribution

As stated in Section[4.3.1] there was no limitation on the occurrence of different transform-
ers. This means that the expectation was that the transformer with the most impact on the
performance would occur most. These transformer distributions can give us insight into
which transformations have the biggest impact on the performance and whether there are
any trends in these distributions.

We investigated which MTs had the most impact on the performance of the trained code2vec
model by measuring the final best individuals of each run in the experiment. This is depicted
in a histogram in Figure [0.10] We can see that there are certain transformers, such as the
IfFalseElseTransformer, has more impact than, for example, the IfTrueTransformer. This
means that the trained model is less robust against certain types of transformers than others.
These findings are relevant to making these models more robust.

We predicted that the transformer that added the most code would be the one that would end
up in the most final individuals and thus be the most impactful. The if-false-else transformer
aligns with this observation since it adds quite a lot of code to the methods. However, ac-
cording to this logic, the if-true transformer should also be influential to the performance of
the trained code2vec model. However, this transformer was not in a lot of final individuals.
This could be an exception to the rule since the lambda transformer was very influential
and makes quite some changes to the underlying AST. As expected, the rename variable
transformer did not end up in many final individuals since this only changes the underlying
AST in a minimal way.

Occurrences per transformer in the final individuals after the genetic search of all experiments
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Figure 6.10: The distribution of transformers in the final individuals after the genetic algo-
rithm

We can then compare the transformer distribution from Figure to the results the
Lampion paper[4] published. The Lampion paper reported that the most impactful trans-
formers added an unused variable name, while the if-true and if-false-else transformers were
the least impactful. This was, however, for a different task than method name prediction us-
ing a different scoring metric. Besides that, Applis et al. also combined the if-true and
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if-false-else transformer in their results, which means we do not know whether the if-false-
else transformer was just as effective in their experiments as it was in ours.

6.4.1 percentage MRR vs MRR

In this section, we look at the transformer distribution for all experiments of the MRR met-
ric compared to that of the percentage_MRR metric. This can indicate which transformers
have the biggest impact on these metrics and how they differ.

In Figure [6.11] both the transformer distribution of the MRR and percentage_ MRR metrics
are depicted for comparison. For the MRR metric, we see that the if-false-else transformer is
the one that appears most in the final individuals, which is in line with the total transformer
distribution. The random parameter transformer, however, appears the least, contrary to
what Figure [6.10] shows.

When we compare this to the percentage_MRR transformer distribution, we can see quite a
few differences. For instance, the if-false-else transformer is one of the least impactful for
this metric, and so is the unused variable transformer. The other contrast is that the if-true
transformer is very impactful and occurs in quite some final individuals.

Occurrences per transformer in the final individuals after the genetic search of MRR vs percentage_MRR

16 q I MRR transformer distribution
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Figure 6.11: The distribution of transformers in the final individuals after the genetic algo-
rithm for the MRR experiments versus the percentage_ MRR experiments

From these figures, we see that there are quite some differences between the distribu-
tions. These results, however, are based on ten experiments, which means that we cannot
say for certain that these results will be the same when we increase the number of experi-
ments to 100 or even more. This might thus be something a future work could look at.
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Chapter 7

Discussion

In this chapter, we discuss the validity of this research and how the tool created could be
applied in the development phase of different projects. We also look at the consequences of
the results found in this thesis and what it means for people using code2vec or other models.
As stated in Chapter [I] the use case of the tool created with this thesis is that researchers
would use it while evaluating their models. They could run their model against this tool
and evaluate how robust their model is against metamorphic transformations. They could
also use this tool to evaluate whether specific changes in the training have made a positive
impact on the vulnerability against metamorphic transformations.

The next question is, when do we stop searching for cases where the model does not per-
form well? A search algorithm, such as the one used in this tool, is designed to find complex
examples for the model. Even if a new model is developed more robust against the metamor-
phic transformations we used in this tool, it does not mean that there are no other exceptions
where the model might perform worse than before.

7.1 Threats to validity

In this section, specific threats to the validity of this work are discussed. People could make
these claims as a counter to this thesis. Underneath each subsection is the threats’ responses
and everything we did as precautions.

7.1.1 The program could have bugs

This means that there could be problems in the results that would threaten the validity. To
prevent this, we first made sure that the entire project and experiments were open source.
Meaning, that anyone who wants to check the code or rerun the experiments can do this
through the docker build. We also made sure that everything was tested and ran the program
multiple times in controlled environments to test everything.

53



7. DISCUSSION

7.1.2 Cherry picked files

To prevent this, we randomly picked all thirty files with a script available in the open-source
repository. This means that this is reproducible and that anyone that runs this script will
also get thirty random files from the entire dataset.

7.1.3 Reproducing it would not yield statistical significance

To minimize this risk, we ran the program with ten random seeds and averaged our results
over them. This should minimize the risk of someone else who runs the program getting
very different results. Besides that, we tried to adhere to the best practices while writing
this thesis and performing the experiments, such as the statistical analysis and displaying.

7.1.4 Transferability of the results

Currently, this thesis uses a small portion of the java medium test set code2vec provided on
their Githulﬂ Using the whole dataset might result in a different performance drop than
this thesis measured. However, due to the computing power and time constraint, we could
not perform the experiments with the whole dataset in this thesis.

7.2 Applications

With this tool, performance is expected to drop when a model is evaluated. However, we
want the research field to be aware of the drop in performance in these cases and strive for
this drop to no longer be significant with newly developed models. This would improve the
overall performance and robustness of the models and might even allow these models to be
used in the development phase of open source projects. That should be the current goal of
the model developers and the way to use this tool. The time to stop searching for exceptions
where the model does not perform well is when the model can be properly used as a static
analysis tool in the development phase of new projects.

7.2.1 CI/CD pipeline

The program in this thesis can be integrated into a CI/CD pipeline. This would mean that
new models, or new developments of an existing model, get evaluated by this tool to en-
sure that the model’s quality does not decrease by too much. The developers could set the
threshold manually, giving them the ability to be stricter or looser with their requirements.
The developers could also pick the metrics for which they want to run the checks and how
many random runs they want to do.

Uhttps://github.com/tech-srl/code2vec#additional-datasets
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Chapter 8

Conclusions and Future Work

8.1 Research questions
This thesis aims to answer the three following research questions:

1. To what extent does adjusting the semantics of the test-set data using metamorphic
transformations with genetic algorithms affect the scoring metric?

2. To what extent does adjusting the semantics of the test-set data using metamorphic
transformations with genetic algorithms influence the combination of additional met-
rics?

3. Is there an alternative performance robustness metric to MRR that can correctly rep-
resent the performance of a model?

The first experiments we did were aimed at the individual metrics that have already been
used by prior works to establish the performance of their models. These metrics were the
Fi-score, MRR, recall, and precision. Through the results of this thesis, we know that the
trained models are not robust against other metamorphic transformations. The results in-
dicate that adjusting the test-set data using metamorphic transformations through a genetic
algorithm greatly affects the scoring metrics. An example of this is the case of MRR, where
the average performance decrease is 16,14%. All single metric experiments resulted in
a statistically significant performance change and large effect size. Thus, we can conclude
that adding metamorphic transformations to the test set significantly affects the scoring met-
rics.

To answer the second research question, we looked at different combinations of metrics
and evaluated them based on the relationship between the points in the Pareto front. The
first combinations we looked at all included the number of transformations as a second met-
ric. These results indicated that when the number of applied metamorphic transformations
increases, the effect on the performance decreases. This is the case for all basic metrics
mentioned earlier. We also conclude that adding random transformations does not impact
the performance as much as applying the transformations using the genetic algorithm for
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these experiments.

Next, we looked at the combination recall & precision and the combination Fj-score and
MRR. For these experiments, we concluded that the impact on the metrics was similar, as
expected. Applying the metamorphic transformations to the test set using a genetic algo-
rithm decreases the performance of both metrics by a similar magnitude.

Lastly, we evaluated the custom metric percentage_MRR. The well-known metric MRR

inspires this metric. To evaluate whether this would be a good metric to use or whether or
not it might be a better metric to assess the quality of a model, we compare it to the exper-
iments where MRR was used. First, we see that the baseline value of percentage_MRR is
already much lower than that of MRR. This was expected since we penalize the certainty
of the model instead of just looking at the rank. Because of this, we should not look at the
baseline value but rather look at the difference the program had on the performance. We
saw that the difference between the baseline score and the score after the genetic algorithm
was less with percentage_ MRR than with MRR, which means that the drop in certainty is
less than the drop in rank when more metamorphic transformations are applied.
We then look at the Pareto front of the multi-metric experiment with percentage_ MRR and
MRR. Here we saw that the relationship between these metrics was linear, meaning both
metrics decreased at a similar rate when transformations were applied. We can, however,
see that the points deviate a little from the linear line in favor of percentage_MRR. This in-
dicates that percentage_MRR is slightly more robust against metamorphic transformations
than MRR. With these findings, this thesis can conclude that percentage_MRR is a good
alternative performance robustness metric to MRR and can correctly represent the perfor-
mance of a trained model. It is, however, a stricter metric.

Given this conclusion and the results that this thesis reported, we can now put it into
the context of already developed models. These models can use the tool in this thesis to
evaluate their model’s robustness against metamorphic transformations. If the model is not
robust against these transformations, it does not mean that the model can no longer be used.
It does, however, mean that when the model evaluates code that is not written as well as the
training examples used, it might affect the predictions the model makes. When using the
current code2vec model, the same logic applies.

8.2 Future work

These future work avenues indicate how another work can build on this thesis. Finally, we
make an additional remark about the newly introduced metric.

Future of percentage MRR

The newly introduced metric percentage_ MRR is found to be a good performance metric
that takes into consideration the certainty of the models about a particular prediction. When
these models get used in the software engineering cycle, the models need to be able to
predict the method names with a higher certainty before they are considered good. However,

56



8.2. Future work

since it is a new metric, there need to be works that determine what a good percentage MRR
score is. This has to be done by evaluating different known models with percentage_MRR.

Education

Metamorphic transformations and metamorphic testing are both subjects that are part of
different study programs. This tool could illustrate the importance of robustness in machine
learning models and how metamorphic testing works. The students could play around with
it and determine the impact of different metamorphic transformers on different metrics. In
most cases learning while doing is a better way for students to grasp a subject.

Relationship between transformers and the performance

This thesis did not investigate the relationship between different transformers and the per-
formance drops. This could be an interesting future work where a researcher determines
why certain transformations have a bigger impact than others. This might result in a better
understanding of where the models are currently flawed and what would be possible av-
enues to improve the models further.

A logical trend here would be that adding transformers that add more code to the methods
would result in a bigger performance decrease. However, if another trend can be found, we
might see that the current predictions heavily rely on a certain part of the method.
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Appendix A

Appendix

A.1 Transformer examples

public static int sum(int a, int b} { public static int sum{int &, int b) {

return a + b; if {(true) {
K return a + bj
¥ else {
return @;
1

Figure A.1: If-True transformer applied to a sum function. The normal function is on the
left, and the transformed function is on the right

public static int sum(int &, int b) { public static int sum{int a, int b)
return a + b; if (false) {
k return @;
¥ else {
return a + b;
1

Figure A.2: If-False-else transformer applied to a sum function. The normal function is on
the left, and the transformed function is on the right

public static int incrementBy(int &) { public static int incrementBy(int &) {
int increment = B; int zoomedluxMusician = 8;
return a + increment; return a + zoomedLuxMusician;

Figure A.3: The rename variable transformer applied to a function. The normal function
is on the left, and the transformed function is on the right. The local variable increment is
renamed to zoomedLucMusician
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punlic static int neutralElement{int a) { public static int meutralElement{int a) {

return aj; return a + @;

: ¥

public static String neutralElement(String text) { public static String neutralElement(String text) {
return text; return text + "";

3 ¥

Figure A.4: The add a neutral element transformer applied to a function. The normal func-
tion is on the left, and the transformed function is on the right. The top example is of the
Integer datatype, and the lower one is of the String datatype

gtic int sum{int a, int b) {
na+ b;
lean obsoletekKrakenYoutuber = true;

public static int sum(int a, int b) { public s
return a + b; retu
oo

H Bi

Figure A.5: The add an unused variable transformer applied to the sum function. The
normal function is on the left, and the transformed function is on the right. Here a random
variable is added that is never used

public static int addOne(int a) {
return & + 1;

public static int addOne(int a) {
return a + {{int) ({{java.util.function.Supplier<?>) ({) -> 1)).get(}));
h

Figure A.6: The lambda identity transformer applied to the addOne function. The normal
function is on the left, and the transformed function is on the right. the / is changed to a
lambda function which still means /

public static int sum(int a, int b) { public static imt sum(int &, int quickMinksTeacher) {
return a + b; return @ + quickMinksTeacher;

¥ ¥

Figure A.7: The Rename parameter transformer applied to the sum function. The normal
function is on the left, and the transformed function is on the right. The variable b is changed
to quickMinksTeacher
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A.2 Single metric random vs guided experiments

Comparing baseline, random search and genetic search
for the code2vec model performance with MRR metric
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Figure A.8: Comparison baseline, random search, and genetic search with the MRR metric

Comparing baseline, random search and genetic search
for the code2vec model performance with Recall metric
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Figure A.9: Comparison baseline, random search, and genetic search with the recall metric
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Comparing baseline, random search and genetic search

for the code2vec model performance with Precision metric
10

0.8

0.6

Precision Score

0.4 4
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0.0 -
Baseline 5 random 10 random 20 random GA

Figure A.10: Comparison baseline, random search, and genetic search with the precision
metric

Comparing baseline, random search and genetic search
for the code2vec model performance with PMRR metric
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Figure A.11: Comparison baseline, random search, and genetic search with the percent-
age_MRR metric
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A.3 Multi metric results

Pareto front Recall and number of transformations
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Figure A.12: Recall & number of transformations median Pareto
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Figure A.13: Precision & number of transformations median Pareto
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Pareto front MRR and number of transformations
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Figure A.14: MRR & number of transformations median Pareto
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Figure A.15: Percentage_ MRR and Fj-score metrics Pareto front measured with genetic
search
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