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Abstract

With the fast-paced development such as DevOps and other agile development
methodologies, the code is rapidly changing with the incoming requirements and it
is really hard to maintain the quality of a software. Unit tests are the first step that a
developer takes to ensure everything is according to the requirements. Tracing
which test case is associated to a code artifact (method or class), is a hard task if
done manually. A traceability link is a way to maintain and trace the links between
different software artifacts. Test-to-code traceability links help a developer to keep
track of the test cases that are related to a specific piece of code. These links restrict
a developer to remain consistent with the existing architecture when a change is
made to the code. These links also reduce the risk of missed or unseen faults in the
code. But most of times, the development processes do not adopt this approach due
to the extra burden it puts on the developer. Manually creating these traceability
links is a hectic routine for the developer and maintaining these links is another big
ask. Also, doing all of these manually makes it prone to the errors. In this research, I
am introducing an approach and a tool to automatically develop the test-to-code
traceability links using static and dynamic approaches for the C# applications
(Libraries, ASP.NET Core application). There are many tools built for the JAVA
application, but there’s not much work done for the C# applications solely. C#
language has been around for many years. It is constantly gaining popularity over
the time and many large-scale applications are being developed on it. Especially
with the introduction .NET Core (which is an open-source and platform-independent
framework), it is getting better and better with respect to performance, and more
developers are inclined to it. This tool will help these developers in creating these

traceability links.

Keywords: Traceability, Software testing, Unit testing, Software development,

Software engineering
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CHAPTER 1

INTRODUCTION

Software testing is a process in which a program is executed with a goal of
discovering errors in an application. Its purpose is not to show that something is
working or not, but the underline intent is to improve the quality of an application
and add value to it in terms of quality and reliability. Ensuring the quality and
reliability of a software application builds up confidence that the application does
what it is supposed to do and does not do what it is not supposed to do [1]. And

ensuring this is very expensive in terms of personnel, time, and money [2].

Unit testing is the first step to ensure that a unit is working as it is intended. A unit is
the smallest module or a block of code (method), that can be tested independently.
Unit testing is mainly the responsibility of a developer and it’s the first step in
ensuring quality. It is very cost-effective as it catches problems with the code at the
early stages of development. These small tested units are then integrated, and
integration testing is performed [3]. Writing these unit tests and integration tests is
among the primary activity in the Test-Driven Development (TDD), and it has been

found an effective way of fault detection and localization. [4].

Apart from making sure that the software application does what it is intended to do,
the important considerations is to make sure that the documents (test cases) should
be traceable [3]. So, whenever some functionality/feature is modified, it can be
easily traced which test cases are associated with the specific feature. Software
traceability is a vital part of the development process. In the fast-paced agile
development process, the traceability links address the need of the industry and it is
also implemented successfully in different industries [5]. A trace link represents an
association between the source and target software artifacts [6]. In the case of a test-
to-code traceability link, it’s a link between the test artifact (test class, test method)
to code artifacts (class, method). In the software engineering that are a lot of
document/artifact repository are maintained and all of these artifacts are isolated

from each other. And these artifacts are maintained by many different individuals. A
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person working on one artifact may not have knowledge about the other artifact that
is related to it, and does not know about the ripple effect it can create or its
consequences. The traceability links tends to resolved these and many other issues
between the artifacts [7][50]. Figure 1 shows how the artifacts are linked in the

different phases of the software engineering process.

Requirements Design Implementation Testing Maintenance
E.g.. use cases Models, etc. Source code Test Cases Bugs, Features, elc.

Figure 1 - Hypothetical Traceability graph between Software Artifacts [8]

The test to code traceability links are very important in agile software
methodologies. As the code is continuously changing to reflect the customer’s
needs, the test cases/suits need to be updated as well. The traceability can provide
both forward and backward links that help in maintaining these artifacts. The
traceability link helps in locating the code to be maintained, or test case to be
updated especially in code refactoring [9]. Few of the benefits of test-to-code

traceability.

e It helps in the maintenance of source code and test suites i.e. test cases and

code remain synced.
e It reduces the risk of unseen faults and test failures.
e It helps in maintaining an accurate model of the system.

e It helps in reducing architectural degradation.
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1.1. Motivation

The research and literature (Explained in Chapter 2) that exists till date mainly
focuses on the Java Applications. There are a few very well-known tools e.g.
SCOTCH+ and TCTracer, which generate the test-to-code traceability links. Some
other tools and techniques have also been developed solely for the Java-based
applications. But no such tool is developed for C# based applications that generate
test-to-code traceability links automatically. C# language has been constantly
gaining popularity over time and many large-scale applications are being developed
on it [10]. Especially with the introduction of .NET Core (open-source, platform-
independent), it is getting better and better with respect to performance, more and

more developers are inclined to it [11][12].

C# language is one popular programming language among the developers and many
organizations. From mobile applications to video games, desktop applications to
web applications, and cloud applications, C# is being widely used to develop these
applications. Adobe Photoshop, Adobe Systems, Mozilla Firefox, Stackoverflow,
GoDaddy, Bing, UPS, BBC Good Foods, and Microsoft services are among the
applications that are developed in C# and ASP.Net [13]. There is a need for the
developers who are working on the C# projects, to have a tool that develops the

traceability links between the tests and code.

1.2. Problem Statement

Test-to-code traceability links maintain the link between test artifacts (unit,
regression test) and the code artifacts (class, method). Developing and maintaining
these links manually is a difficult task and it puts an extra burden on the shoulder of
developers. To automatically establishes test-to-code traceability links in the
software applications developed using the C# language is a crucial element for
improving software maintenance, code refactoring, and effective test case selection
in case of regression testing. The main goal of the research is to develop a tool that

automatically develops these traceability links.

1.3. Aims and Objectives

The objective of the research is to understand the importance of the test-to-code

traceability links, how it helps the developers to remain consistent with the
12



architecture, and how it enables reduction of faults. The aim is to provide a tool that
automatically generates these traceability links. Introducing a tool not only pulls off
the burden from the developer but it also reduces the risk of errors which may occur

when it is done manually.

1.3.1. Literature Review Objectives
The objectives of the literature review are:
To identify the importance of traceability among the software artifacts.

To identify the importance of traceability between tests and code.

v
v
v Review existing approaches, techniques and tools for test-to-code traceability.
v

Effective selection of test-to-code traceability techniques.

1.3.2. Tool Objectives

The objectives of the tools are:

v' To develop test-to-code traceability links automatically.
v To take off the burden from the developers’ shoulders.

v" To reduce the risk of errors that may occur if it is done manually.

1.4. Structure of Thesis

The rest structure of thesis is followed as: Chapter 2 provides an overview and
discussion of the existing literature. Chapter 3 explains the approaches and
techniques used for tool. Chapter 4 explains the evaluation criteria and the results.

And Chapter 5 summarizes the research, its goals and the future work.

13



CHAPTER 2

LITERATURE REVIEW

Literature review is one of the primary components of any research. The main
objective of the literature review is to summarize the prior research efforts, what
were the findings of that efforts, and what conclusions were made through that
effort. Also, it tells about the accuracy and completeness of that knowledge. Instead

of reinventing the wheel, it can give ideas about your own research [14].

In this chapter, a review of the literature has been presented. It discusses the
different techniques for developing traceability links between test and code, and the

tools that can help in developing these traceability links.

2.1. Overview

Unit testing is the early activity that a developer does when writing the code. It is the
responsibility of the developer to write the code, and then regularly update test cases
as the code changes [15]. A survey shows that creating and maintaining these unit
tests is really hard for the developers as it puts an extra responsibility on the
developers [16]. One of the main goals of the test cases is that the tests should be
traceable. It should tell which test case is associated with a specific feature or

requirement [4]. This is called traceability.

Traceability between the software artifacts is managed through the traceability links
in which a source artifact is associated with the target artifacts [6]. These links
provide a forward and backward flow that can help in locating the ripple effect in a
specific artifact. Test-to-Code traceability link help locate which test case needs to
be updated when a code is updated, or locating a fault when test case fails [17].
Another main benefit of these links is that it helps in software maintainability. Code
refactoring is one of the common practices that is usually done by the developers.
The traceability links definitely help in refactoring the test cases as well that are
associated with the code. But it is not practically followed in most of the agile

methods [9]. In the regression testing, traceability link can also minimize the number
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of test cases to be executed for the regression test (as a result of code change) [17].

Coevolution of both test and code artifacts is not consistently practiced. Over the
time, the both of these artifacts get desynchronized. A coevolution analysis is code
on the code, which clearly shows that the production code and test code are never in
sync. The test code is updated in a separate commit and production code in a
separate commit [18]. Traceability links can help the developers to get these two
artifacts in sync. Not only that, it also helps in fault localization. Unit tests are
generally written to test a specific piece of code i.e. method. Most of the time
naming convention is followed that help in tracing. A good coding convention
usually follow this approach [19]. In Continuous integration (Cl), these traceability
links also help while doing integration testing and regression testing as it can
identify which test case needs to be executed that is potentially affected by a change
[20][49]. Developing and maintaining these links also comes with a lot of challenges
as well [21].

2.2. Traceability Approaches

Different traceability approaches are used to create a link between unit tests and
code artifacts. Following are few of the techniques [9][20][22][23] that can be used.

2.2.1. Naming Convention (NC)

Naming convention is the simplest way to identify the methods and classes under
test and create a link. If the unit test method or unit test class starts or ends with the
“test”, removing the “test” will give us the name of the method or class under test.
For example, if the testCalculateTax is a test method, removing the “test” gives us

CalculateTax i.e. method name under test.

2.2.2.  Naming Convention Contains (NCC)

Naming convention contains is derived from the Naming convention approach. It is
possible that name does not match exactly the same after removing “test” from it.
Because there are times a method under test is tested by more than one unit test. In
that case the if the test method name contains the part of method under test name, it
is possible that the unit test is testing the specific method.

15



2.2.3. Lexical Analysis (LA)

Lexical analysis is done based on the lexical token. A vocabulary is defined by a
developer that is used in the source code. Vocabulary can be a simple natural
language e.g. Type identifiers, names, etc. The unit test and the methods under test
should be using same the vocabulary in the code. Based on that it can be determined

whether the unit test is testing a method or not.

2.2.4. Longest Common Subsequence (LCS)

Longest common subsequence is a way to find the sequence that is common in the
given sequences. This approach can be used to determine if a unit test is testing a
specific method. The name of the unit test or class is compared with the method or
class under test. Based on longest common subsequence it can be identified whether

the unit test or class is testing the specific method or class.

e Longest Common Subsequence Both (LCS-B): This is a variant of LCS in
which we determine if the unit test name and method name matches exactly

the same. This approach is similar to NC that also match the whole name.

e Longest Common Subsequence Unit (LCS-U): This is another variant of
LCS in which we determine the longest subsequence that is common. And
then it can be determined whether the unit test is testing a method or not.

This approach is similar to NCC.

2.2.5. Levenshtein Distance

Levenshtein distance is a metric that works on the string. It measures the difference
between the two strings [24]. The distance between the unit test name and method
name is measured using the Levenshtein Distance, and based on that it can be
determined whether the unit test is testing a method or not. The lower the value of

distance, higher the chance that unit test is testing a method.

2.2.6. Static Call Graph (SCG)

The Static call graph is a technique in which references are maintained from test
case to production code. But not all methods or classes are tested that are called from

the test case. All of the classes are collected called from a test case, and then a set of
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classes is selected if it has higher references. Based on that it can be determined
whether the unit test is testing a method or not.

2.2.7. Last Call Before Assert (LCBA)

A common pattern that many developers follow when creating a unit is [25]:

Arrage — Act - Assert

e Arrange: In these statements, all the required inputs are arranged and put
together.

e Act: In these statements, the test cases are called i.e. the object states are
modified.

e Assert: In these statements, the expected result is compared with the actual

result and assertion is made whether the test is successful or not.

In the unit test, it is an assumption that method under test is called before the assert
statement [39]. Last call before assert approach works on that assumption, and based

on that it can be determined whether the unit test is testing a method or not.

2.2.8. Tarantula

Tarantula is a fault localization algorithm that helps in detecting a fault that is
causing a test to fail. The algorithm determines the suspiciousness of each line in a
test case. It calculates the ratio of successful and failed test cases. If the ratio for the
failed test cases is higher, the suspiciousness is also higher [26]. It can be defined as

follows where t is the code entity (test case):

passed (t)
totalFailed
passed (t) failed(t)
totalPassed ' totalFailed

suspiciouness(t) =

A heuristic can be used to identify a method that is relevant to a unit test. Based on
that it can be determined whether the unit test is testing a method or not.

2.2.9. Term Frequency — Inverse Document Frequency (TF-IDF)

Term frequency—inverse document frequency is a statistical and natural language

processing (NLP) technique. It tells the significance of a word in a document. The
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value is increased as the word appears frequently in a document. It is used for
information retrieval and is widely used in the recommender systems and search

engines. It can be defined [27] as:

_ NumberOfTimesWordAppearedInDocument

TotalWordsInDocument

) TotalDocuments
idf =

lo
g DocumentFrequency

Where

tf —idf = tf x idf

TF-IDF can be used in linking the test and code artifacts. The tests are considered as
the documents, and the methods are considered as the term. The higher the
frequency of terms in the document, the higher the possibility that a unit test
executes the method. Based on that it can be determined whether the unit test is

testing a method or not.

2.2.10. Call Depth Analysis

Call depth analysis looks at the call stack of a method and determine how far it is
called from the unit test. The method that is too far way is less likely to be tested by
a unit test. Based on that it can be determined whether the unit test is testing a

method or not.

2.3. Related Work

Test-to-code traceability links have many benefits in the software development
process as explained in Chapter 1. And many researches have been conducted
recently due to its significance in the engineering process. Also, different tools have
been implemented to develop and maintain these traceability links over the past few
years. Establishing the traceability links manually is a difficult job, and later it can’t
be maintained. Doing all of this manually requires the efforts of the developers and
other stakeholders involved with the linked artifacts. TestRoutes is another manually

curated dataset for test-to-code traceability. It contains about 2000 methods
18



classification and maintaining this large number is not an easy task [28]. To improve
manual maintenance of the traceability links, and gamification concepts are used

[29]. But these approaches are not significantly adopted.

There are generally two ways to generate the test-to-code traceability links; Static
and Dynamic. For static traceability, the physical code files are parsed. For dynamic
traceability, the source code is executed and code coverage information is gathered
to extract the information [30]. The analysis and importance of different static and
dynamic approaches used to develop these traceability links have shown these link

are helpful when it comes to the maintenance of the test suites [31].

Slicing and Coupling based Test to Code trace Hunter (SCOTCH) is an approach
that uses conceptual coupling to differentiate the test class and helper classes. It
gives a better accuracy as compared to other techniques such as NC and LCBA
because of its limitation [32]. SCOTCH+ works by dynamically slicing to identify
the candidate tested classes. These candidates are selected based on the last executed
assert statements. And then textual information (Name Similarity - NS) is used to
differentiate between the actual methods (that need testing) and the helper methods.
This approach gives better results than NC and LCBA [44].

TCTracer is another tool that uses an ensemble of different approaches such as NC,
NCC, LCBA, and LCS (described in Section 2.2.). It uses both static and dynamic
information to automatically develop the traceability links. Static information is
collected through parsing the Java class source files. Dynamic information is
collected through code instrumentation and execution of the code. The tool is
developed for Java applications and tested on the open source applications as well.
The tool not only works on the class level but it also works on the method level. It
gives a mean average percentage (MAP) of 85% for test-to-method links and 92%

for test-to-class links [34].

In DevOps-based software engineering environments, the production code is
continuously updated by the developer. In this environment, the traceability links
development has critical importance. SAT-Analyzer is a traceability tool that
establishes the links between software artifacts i.e. Source code and unit test code.
Junit test code is processed through Java Grammar and ANTLR. Then the
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traceability links are developed using string comparison and Levenshtein Distance
algorithms. The tool provides an accuracy of 71% on average [35].

Another approach that automatically identifies the methods under test also called
focal methods in the unit tests. Discriminating between these focal and non-focal
methods manually is hard. The approach uses Data Flow Analysis (DFA) to gather
information regarding unit tests (JUnit) and code (Java). The research focuses on the
Java classes and it identifies F-MUTs in the unit test case. The prototype
implementation of the approach is fully automatic and it has an accuracy of 85%
[36].

ETUCA is another automatic approach to generate the links. This approach
introduces a custom attribute for .NET Unit tests. The attribute ensures that the
traceability links are established at the time of unit test creation. The responsibility
of creating the traceability link now falls on the shoulder of developers given they
correctly embed the attribute. The quality of this approach is assessed through a
survey of questionnaires. Its quality assessment of ETUCA resulted high from the

user’s perspective [37].

Test-to-code traceability link recovery has received attention due to fast-paced
integration and deployment processes. A Hierarchical Trace Map visualization
technique is proposed that tries to recover the traceability links [39]. Another
visualization technique is proposed that combines approaches such as NC, LCBA,
and SCG to recover the traceability links [38]. TCTracVis is another visualization
tool that visually shows the links between the unit test and methods/classes. But the
literature does not show any accuracy and performance evaluation [33]. Natural
language processing methods are extensively used in the traceability recovery
techniques. It is found that Word Embedding and Latent Semantic Indexing (LSI)
performs better than AST-based identifier extraction and APl documentation [40].
LSI has been found very effective among the natural language processing techniques
and it can increase the results by 30% [47]. Among the LSI and TF-IDF has been
found a good candidate for the traceability links and produced good results [49].
Another automated approach is presented that leverages the semantics of the
software artifacts and creates traceability. It generates the domain-specific concept

models and creates the trace links. The concept model is created based on the textual

20



information [41].

Fault localization techniques such as Tarantula have been found useful in finding out
the link between the test artifact and the code artifact [20]. But in a different study, a
comparison has been done between the Spectrum based Fault Localization with the
traditional traceability approaches. After experimenting on the three different
projects, it was found that this fault localization approach does not perform better

than the tradition traceability approaches [42].

Different machine learning (ML) approaches e.g. neural networks and deep learning
have also been used to develop the traceability links between test and code.
TestNMT is one such approach that uses neural machine translation to generate the
function-to-test links. But the approach has few limitations [43]. In another approach
TCTracer, the results are compared with the simple feed forward neural network,
and the results were not as satisfactory as compared to simple test-to-code
traceability e.g. NS, NCC, LCBA, etc. Also generating the test data (ground truth)

for these approaches is not feasible [34].

2.4. Discussion

Traceability links are a way to link the different software artifacts in the software
engineering process and there is clearly a need for these links. The literature review
presented in this section clearly shows the importance of the test to code traceability.
It provides the bi-directional tracing between the tests and code artifacts making it
useful when making a change to a system as the production code is changed

frequently in the DevOps approaches.

The literature also shows that production code and unit test are not always synced.
Production code is updated in different commits and unit tests in a different commit.
Co-evolution of both of these artifacts is not possible. Manually creating these links
is also not feasible. Having a tool that generated these links automatically is s relief
for the developers. The literature also presents the tools such as SCHOTCH+,

TCTracer does that automatically.

The literature also shows that there are dynamic and static approaches to create the

traceability links. Using one approach to establish the traceability links does not give
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an optimal result. The ensemble of these approaches gives better results. Name
Similarity (NS), Name Contains (NC), Longest Common Subsequence (LCS), Last
call before assert (LCBA), and Levenshtein Distance (LD) are a few of the
techniques. Few other fault localization approaches and machine learning
approaches are also implemented. But it is found that the traditional test-to-code
traceability approaches (textual information based such as NC, LCS, etc.)

The literature also shows that most of the tools and approaches cater to the needs of
Java based projects. The tools that are presented use Java languages and Junit for the
test suits. Not much is done when it comes to C#. There is clearly a need for such

tools that use C# language and test suits.
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CHAPTER 3

METHODOLOGY

3.1. Approach

The proposed approach is an embed of different test-to-code traceability techniques.
First the candidate traceability links are created between the test artifacts and code
artifacts. The candidate links are created using the static information and the
dynamic information. These links are evaluated and scores are assigned. Based on
the score, it is predicted whether the link is an actual link between test and code

artifact.

Static information can be easily collected without executing the actual code. Simple
parsing can be done to gather this information. Traditional static techniques such as
name similarity (NS) are incorporated in our approach as well. The static
information includes the fully qualified names (FQNs) of methods and classes for
both test artifacts and code artifacts. The text similarity and comparison-based
approaches has been around and used in many approaches. An evaluation of these
approaches tells us that the combination of these techniques significantly improves
the quality of test-to-code traceability links [44].

Dynamic information is also utilized in our approach. It includes the call traces such
as which method is called before the assert statement (LCBA) [45], which method is
called from the test method and what is the depth of call. For dynamic information,
the source code (system) needs to executed. But for large number of projects,
executing each system is not feasible as it consumes a lot of time to run each system.

For the very same reason, static information is as used in this approach.

Once information is collected, we have applied different techniques to assign a
score. Some techniques simply give a score either 0 or 1. 0 means the candidate link
is not a traceability link and 1 means the candidate link is a true traceability link. For
some techniques we had to apply score scaling and applied threshold in order to

predict the true traceability links.
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Our approach also utilizes the method level information along with the class level
information. The techniques are described in the following section.

3.2. Techniques

Our approach also utilizes different string comparison techniques. We have selected
two variants of name convention (NC, NCC) techniques in our approach as
described in Section 2. We have also used the Longest Common Subsequence
technique and used two variants i.e. LCS-B and LCS-U as described in Section 2.
Furthermore, we have used Tarantula (fault localization technique) and Term
Frequency-Inverse Document Frequency (TF-IDF) as describe in section. Both of
these techniques are statistical techniques. We have also used Last Call Before
Assert (LCBA) as it is seen in the literature that It performs well for test-to-code

traceability.

There are mainly two way to gather information and create the test-to-code
traceability links: Static and Dynamic. The static analysis requires the physical files
to be parsed and dynamic analysis requires the code to be executed and control flow
information is collected [45]. Following are the techniques that will be used in our

analysis:

3.2.1. Dynamic Techniques

The dynamic techniques that are used to get information are described as follow.

3.2.1.1. Naming Convention (NC)

Name convention (NC) compares the name of the test and name of the method. The
“test” is removed from the test name and comparison is done. If the name of the test
and method is same, the link is established. E.g. calculateTax is a method that is

tested by testCalculateTax test.

If n; is the name of test t (after removing test from it) and n,,, is the name of method

m:

(1 if ncequalsny
score(t,m) = {0 otherwise

24



3.2.1.2. Naming Convention Contains (NCC)

Name convention contains (NCC) is a variant of NC but it does not compare the
exact name, instead it looks for a substring that matches. After removing the “test”
from the test name, if part of the method name matches with the test name, the link
Is established. E.g. calculateTax is the method that is tested by testCalculateTaxPass

test.

If n; is the name of test t (after removing test from it) and n,,, is the name of method
m:
1 if ny, is substring n;

score(t,m) = { .
( ) 0 otherwise

3.2.1.3. Longest Common Subsequence Both (LCS-B)

Longest common subsequence (LCS) is a one of the name similarity (NS) technique.
It finds the subsequence that has more characters in common. If the names are
exactly the same, it has the highest score. LCS-B works on the same approach. If the

test name and the method name are exactly same, the score is maximized at 1.

If n, is the name of test t (after removing test from it) and n,,, is the name of method

m.

ILCS(nti nm)l
max (|nel, [nml)

score(t,m) =

LCS(n;, n,,) = n; when n; is equal to the n,, i.e. test name and method name is
exactly the same.
3.2.1.4. Longest Common Subsequence Unit (LCS-U)

LCS-U is another variant of LCS. It finds the subsequence that has more characters
in common. Instead of finding the exact same name, if finds a substring just like

NCC. If the test name contains the method name, the score is maximized at 1.

If n; is the name of test t (after removing test from it) and n,,, is the name of method

m:
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ILCS (e, nop)|

score(t,m) = ]
m

3.2.1.5. Levenshtein Distance

Levenshtein distance computes the distance between the test name and the method
name. If the distance is lower, it means it takes a smaller number of edits to convert
test name into method name, the more chances are the test is testing the method. The
distance is normalized as to give a higher value [46].

If n; is the name of test t and n,, is the name of method m:

Levenshtein(ng, n,,)|

max (|nf|, (™))

score(t,m) = 1—

3.2.1.6. Last Call Before Assert (LCBA)

Last call before assert (LCBA) looks for the last method called before the assert
statement and assumes that it is the same method that is tested by the current test.
Based on the assumption the link is established between the test and method. If the

link is established the score is 1 otherwise 0.
If t is the test t and m is the method:

! if mis called before assert
score(t,m) = {O otherwise

3.2.1.7. Tarantula

Tarantula is used to find the suspiciousness of a test as described in the Section 2. If
the value is higher, the higher the probability that the code is faulty. If c is the code

entity, the suspiciousness can be defined as follows:

failedTests (c)
totalFailedTests
passedTests (c) failedTests(c)
totalPassedTests = totalFailedTests

suspiciouness(c) =

To calculate the score for the traceability link, we assume that all the test is passed
except the one that is under consideration. This heuristic is used to identify the

method under test. If T is the set of all tests, and the method m tested by t is the
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method:

1

HteT:met} -1
|T| -1

score(t,m) =

+1

3.2.1.8. Term Frequency-Inverse Document Frequency (TF-IDF)

TF-IDF is used to get the frequency of term inside the document and the documents
repository. If the term has high frequency inside the document and low frequency in
rest of the documents, its significance is higher with respect to that document. The
same approach is applied her while creating the traceability link. The method name
Is considered as the term and all tests are considered as the documents. If a method
has high frequency in test and not in other tests, it is possible that test is testing that
specific method.

If t is the test t and m is the method:
score(t,m) = tf(t,m). idf (m)

If M is the set of all methods and T is the set of all tests, then:

tf(t,m) = In(1+

)

[{m € M:m € t}|

idf(m)=In(1+

)

|{t € T:m € t}|

3.2.2. Static Techniques

The static techniques that are used to get information are described as follow.

3.2.2.1. Static Naming Convention (NC)

Static name convention now includes another condition. Instead of just comparing
the names of the methods, it also compares the name of test class and class-under-
test. The comparison is done after removing “test”” from the test name and test class
name. If the name of the test and test class is the same as the method name and class
name, the link is established.

If n; is the name of test t , n;. in test class name (after removing test from it), n,, is
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the name of method and n,,,. is the name of class under test, then:

&m) {1 if n; equals ny, ™ ng. equals ny,,
score(t,m) = .
0 otherwise

3.2.2.2. Static Naming Convention Contains (NCC)

Static name convention contains now includes another condition. Instead of just
comparing the names of the methods, it also compares the name of test class and
class-under-test. The comparison is done after removing “test” from the test method
name and test class name. If the name of the test and test class contains the method

name and class name, the links are established.

If n, is the name of test t , n;. in test class name (after removing test from it), n,, is

the name of method and n,,. is the name of class under test, then:

(& m) {1 if n, substring of n; * n,. substring of n;.
score(t,m) = .
0 otherwise

3.2.2.3. Static Longest Common Subsequence Both (LCS-B)

LCS-B is used similar to dynamic approach. The score is calculated the same way.

3.2.2.4. Static Longest Common Subsequence Unit (LCS-U)

LCS-U is used similar to dynamic approach. The score is calculated the same way.

3.2.2.5. Static Levenshtein Distance

Levenshtein distance is used similar to dynamic approach. The score is calculated

the same way.

3.2.3.  Score Scaling

In our approach following are the two score scaling techniques are applied:

3.2.3.1. Call Depth Discounting

The method that is closer to the test in the call stack is a method that is under test.
We have included the call depth discounting factor that discounts the test-to-method

pair based on the distance between them.

If t is the test t and m is the method:
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scorey(t,m) = score(t,m)

Y (dist(t,m)—1)

wherey € [0,1]

If a method is directly called from the test then dist(t, m) becomes 1, the discount

factor becomes 0 because of subtracting one of it. The discount factor does not need

to be applied in this case.

3.2.3.2. Normalization

The concept of normalization is very useful in the statistical and classification

problems, especially in machine learning approaches. And it clearly improves the

accuracy of a classification problem [48]. As the score is used to rank and predict the

true traceability link. But the score can vary in different techniques. In order to

Technique Score Normalized | Threshold- | Threshold -
Method Level | Class Level

NC Oorl - - -

NCC Oorl - - -

LCS-B [0, 1] Yes 0.30 0.30

LCS-U [0, 1] Yes 0.75 0.25

Levenshtein [0, 1] Yes 0.30 0.25

LCBA Oorl - - -

Tarantula [0, 1] Yes 0.65 0.99

TF-IDF [0, 1] Yes 0.35 0.20

Static NC Oorl - - -

Static NCC Oorl - - -

Static LCS-B [0, 1] Yes 0.30 0.25

Static LCS-U [0, 1] Yes 0.75 0.25

Static Levenshtein | [0, 1] Yes 0.30 0.25

Combined [0, 1] Yes 0.35 0.20

Table 1 - Score Range, Normalization and Thresholds

maintain the score on a single scale, we have used the normalization approach to

scale the score between 0 and 1.

If t is the test t and m is the method:

scorey(t,m) — min ({score,(t,m) | m € t})

score,(t,m) =
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Then thresholds 7 are applied on the values to make the score either 0 or 1 where 1

describes the true traceability link.

The Table 1 shows the normalization and threshold values applied on the

approaches.

3.3. Link Prediction

The links are constructed with the help of prediction. Two types of link prediction is
done; class level and method level. The techniques are first applied to the test and

methods, and then it is applied on the test classes and tested classes.

3.3.1. Prediction at Method Level

The individual traceability techniques are executed at the method level and score are
calculated. A matrix is formed with the result/score of each technique. If T is the set

of all tests and M is the set of all methods, the matrix can be defined as:
M e RITIXIM|

Each element of the matrix (M,,,) represents a score for the test to method pair
(t,m)e(TxM).

Then each matrix is normalized and combined to get another matrix. Threshold () is
then applied on all of the matrix for each technique (Table 1). The score above the
threshold is considered as 1 i.e. it represents a true traceability link. The traceability

link can be constructed as:

TM ={(t m) ETXM | M, > 7}

3.3.2. Prediction at Class Level

Just as the method level prediction, same steps are applied for the class level. A
matrix is formed with the result/score of each technique. If TC presents the set
containing all test classes and MC is the set containing all classes under test, the

matrix can be defined as:
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C e ]RlTC|X|MC|

Each element of the matrix (C.,, ) represents a score for the test class-class pair

(¢t cm) € (TC X MC) .

Then each matrix is normalized and combined to get another matrix. Threshold (7) is
then applied on all of the matrix for each technique (Table 1). The score above the
threshold is considered as 1 i.e. it represents a true traceability link. The traceability

link can be constructed as:

TC = {(ct,cm) € (TCXMC) | Cppe,p = 7}

3.4. Implementation

The developed prototype tool is compatible with the C# (NET 4.7, .NET Core 3.1, and
.NET 5,6) applications that use the NUnit testing framework as their backbone for unit
testing. There are a few other testing frameworks such as XUnit and MS Test are also, but
the tool is focused on NUnit tests.

The tool uses both information and dynamic information to rank the traceability links. The
static information is collected simply from the Assembly/Dynamic Link Library (.dll) file
for the Test Project. Assembly is the collection of types (e.g. Test classes and methods) that
are built to form a logical unit. These are the building block of .NET Applications [51]. The
tool has an Assembly Analyzer module that parses the Test project assembly using the
concept of Reflection [52] and gets the information regarding test class, test method, and the

methods that are called inside the test method.

The dynamic information is collected through execution call traces. To collect the call
traces, there is no direct way of gather this information. This information is collected
through the concept of Aspect Oriented Programming (AOP). It is a concept of applying
common routines to whole application e.g. Logging or exception handling [53]. PostSharp
[55] is a utility that provides an easy way of intercepting the methods. we have used this
utility for instrumentation to attach some extra information at each test method calls. It uses
the concept reflection to add extra information at runtime. Whenever a test method is starts,

the dynamic call traces are written to the output as show in the Figure 3.
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Figure 2 - Implementation of Tracer Tool

These output traces are collected in the log file. The log data represent the raw data that
needs to be converted into meaningful information. The logs are then parsed to collect the
method hits made from the unit test. The information is parsed and saved in the form of a
JSON file for both dynamic and static information as shown in Figure 4. This information is

then used to form the candidate test to code links.

First, the score at the method level is calculated. The scores are calculated for the individual
technique for each test-method to method pair. The scores are scaled using normalization
because some of the techniques do not have a range between 0 and 1. The score is then

combined by taking averaging of all scores for a pair and normalized again to form a
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EN Windows PowerShell

assed AssertDateIsEqual(18) [1 ms]
Standard Output Messages:
.Text.Tests.Utils|DateTimeSerial. rTests|AssertDatelsEqual|System.Int32 whic

TraceAspect | TraceAspectAttribute |OnEntry|PostSharp.Aspects.MethodExecutionArgs args
:System.Reflection|MethodBase |GetParameters
System|DateTime | ToString|System.String format
:System|DateTimeFormat|Format|System.DateTime dateTime, System.String format, System.IFormatProvider prowvider
.Text|DateTimeExtensions|ToStableUniversalTime|System.DateTime dateTime
viceStack|PclExport|ToStableUniversalTime|System.DateTime dateTime
System|DateTime|ToString|System.String format
:)y)tarllDateTJrlEFm‘matlFm‘nlatby;ten DateTime dateTime, System.String format, System.IFormatProvider provider
.Text.Common | DateTimeSeriali El‘lTnX;dDatETlne tring|System.DateTime dateTime
ck|PclExport|ToXsdDateTimeString|System.DateTime dateTime
.Common | DateTimeSerializer | ToShortestXsdDateTimeString|System.DateTime dateTime
|3sConfig|GetContig|
.Tests|TestBase|Log|System.String message, System.Object[] args
AspectAttribute|OnEntry|PostSharp.Aspects.MethodExecutionArgs args
.Common | DateTimeSerializer|ParseShortestXsdDateTime|System.String dateTimeStr
ystenl<trmu|I,rmllor~En|pty| System.String value
eStack.Text.Common|DateTimeSerializer |ParseShortestXsdDateTime|System.String dateTimeStr
S)rstsnl‘trirw|I,NullOr‘Emptyl4)' tem.String value
.Text.Common |DateTimeSerializer|ParseShortestXsdDateTime|System.String dateTimeStr
)y,tanlrtmnn|I,Mull{)v&mpty|Aﬁ,tgﬂ. String value
:NUnit.Framework|Is|EqualTo|System.Object expected
NUnit.Framework|Assert|That|System.DateTime val, NUnit.Framewor nstraints.IResolveConstraint expression
:NUnit.Framework|Assert|That|System.DateTime actual, NUnit.Framework.Constraints.IResolveConstraint expression, System.String message, System.Object[] args
ServiceStack.Text|DateTimeExtensions|ToStableUniversalTime|System.DateTime dateTime
:ServiceStack|PclExport | ToStableUniversalTime|System.DateTime dateTime
NUnit.Framework|Is|EqualTo|System.Object expected
:NUnit.Framework |Assert |That|System.DateTime actual, NUnit.Framework.Constraints.IResolveConstraint expression
NUnit.Framework|Assert|That|System.DateTime val, NUnit.Framework.Constraints.IResolveConstraint expression, System.String message, System.Object[] args
ck.Text |DateTimeExtensions | ToStableUniversalTime|System.DateTime dateTime
|PclExport|ToStableUniversalTime|System.DateTime dateTime
.Text|DateTimeExtensions|ToStableUniversalTime|System.DateTime dateTime
|PclExport|ToStableUniversalTime|System.DateTime dateTime
.Tests.Utils|DateTimeSerializerTests|AssertDatesAreEqual|System.DateTime toDateTime, System.DateTime dateTime, System.String which
AspectAttribute|OnEntry|PostSharp. Aspects.MethodExecutionArgs args
Common | DateTimeSerializer|ParseShortestXsdDateTime|System.String dateTimeStr
)y)ter\lttmmﬂl;l‘ 110!‘Enlpty|4y,tgm String value
ServiceStack.Text.Tests.Utils|DateTimeSerializerTests|AssertDatesAreEqual |System.DateTime toDateTime, System.DateTime dateTime, System.String which
:TraceAspect|TraceAspectAttribute|OnEntry|PostSharp.Aspects.MethodExecutionArgs args
|DateTimeExtensions | ToStableUniversalTime|System.DateTime dateTime
|PclExport|ToStableUniversalTime|System.DateTime dateTime
_Text | DateTimeExtensions | ToStableUniversalTime|System.DateTime dateTime
ceStack|PclExport|ToStableUniversalTime|System.DateTime dateTime
NUnit.Framework|Is|EqualTo|System.Object expected
:System|Array | Empty|
NUnit.Framework |Assert|That|System.Double actual, NUnit.Framework.Constraints.IResol nstraint expression, System.String message, System.Object[] args
:NUnit.Framework.Constraints|IResolveConstraint|Resolve|
.Te i ensions | ToUnixTimeMs|System.DateTime dateTime
ceStack. Text |DateTimeExtensions | ToDateTimeSinceUnixEpoch|System.DateTime dateTime

Figure 3 - Dynamic Call Traces Output

combined score. The same process is then repeated for the class level. The score for each
test-class to class pair is calculated, and normalized. Then the scores are combined and
normalized again. For each pair, a threshold technique is applied that does not give discreet

values. Based on that, the candidate link is ranked whether it is a true traceability link or not.
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Figure 4 - JSON map for test method hits
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CHAPTER 4

EVALUATION

The evaluation of the tool is done on the open source projects after defining the

ground truths.

4.1. Subjects

For the evaluation purpose, two open source projects are selected that have unit

tests written with the NUnit testing framework.

e ServiceStack. Text (https://github.com/ServiceStack/ServiceStack. Text)

e Aeron.NET (https://github.com/AdaptiveConsulting/Aeron.NET)

The source code for both of these projects is available at the GitHub platform. Both
of the projects are using different naming conventions for the test class names and
test method names.

4.2. Ground Truths

The ground truth is developed for both of the subjects to measure the quality of the
techniques used in the tool. There was no existing ground truth available. For this
purpose, a team of two developers who work in the well known software houses

and have an experience around 4-5 years helped in establishing the ground truth.

For the ground truth, the tool exposes an attribute/annotation built in C#. This
attribute can be applied on both levels i.e. class and method. For class level, the
attribute is applied on the class level. The attribute takes an argument of the fully
qualified names for the classes under test i.e. classes which are tested by the test
class. Similarly, the attribute is then applied on the methods. For method it takes an
argument of fully qualified names for methods under test. In this way, the ground
truth is established for both class and method levels. The ground truth annotation

can be seen in Figure 5.
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Figure 5 — Ground truth at Method level and Class level attribute

4.3. Measures

For the evaluation purposes, we have selected one of the basic measures: precision,
recall, accuracy and F1 score. These measures are one of the basic evaluation
measures for the classification problems. Precision tells us the ratio of all true
positives out of all positives, and Recall tell us the ratio of all true positive out of
all predictions. Accuracy tell us the ratio of how accurate the model is at prediction
[56].

F1 Score is a similar metric that maintain the ratio of both precision and recall at
optimal. It is a harmonic mean of precision and recall. Instead of maintaining
precision and recall separately, it is easier to maintain this one metric that

maximizes both of these metrics [56].

Precision, Recall, Accuracy and F1 Score can be calculated as follow:

proision — TP
recision = TP n FP
Recall = —
ecat = TP Y FEN
| _TP+TN
Ccuracy = Total
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Precision X Recall

F1S8 =2 X
core Precision + Recall

4.4. Results

The tool outputs the results for each test to code candidate pair and rank it as a true
traceability link. Based on the scores, thresholds are applied and each candidate

Microsoft Visual Studio Debug Console
iceStack.Text.St
iceStack.Text.St
iceStack. t.St
iceStack.Text.Str panExtensions. ToUtf8
litOnLast
TARANTULA Sco
TF_IDF Sco

EqualTo, NC Score:

EqualTo,

EqualTo,

EqualTo,

EqualTo,

EqualTo,

EqualTo,

EqualTo,
panExtensions.EqualTo,
panExtensions.EqualTo,
panExtensions.EqualTo,

EqualTo,

LastInd

LastIndex

LastInd

LastInd

GT: 0:0

panExtensions
panExtension
panExtensions
panExtension
panExtensions
panExtension )
panExtensions.SplitOnLast
panExtensions.SplitOnLa
ngSpanExtensions.SplitOnLast

.ParseDecimal,
Par cimal,

Method iceS emoryProvider.ParseDecimal,

Figure 6 - Candidate Pair Ranking

pair is ranked telling us whether a pair represents the true traceability link or not.

The output of these can be seen in the Figure 5.

4.4.1. Prediction at Method Level
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Technique Precision | Recall Accuracy | F1Score | Efficiency
NC 100 12 57 22 100
NCC 95 45 72 61 98
Levenshtein 88 72 82 79 90
LCSB 83 75 80 79 86
LCSU 94 75 80 79 86
Tarantula 63 92 70 75 48
TF IDF 56 70 59 62 48
LCBA 76 65 73 70 81
NC Static 100 3 39 5 100
NCC Static 100 3 39 5 100
Levenshtein Static | 93 76 81 84 91
LCS B Static 88 78 80 83 82
LCS U Static 94 78 83 85 91
Combined 97 78 88 86 98
Table 2 - ServiceStack.Text - Method level metrics

Technique Precision | Recall | Accuracy | F1Score | Efficiency
NC 0 0 50 0 100
NCC 86 23 60 36 96
Levenshtein 100 54 77 70 100
LCSB 100 42 71 59 100
LCSU 95 69 83 80 96
Tarantula 74 100 83 85 65
TF IDF 62 100 69 76 38
LCBA 54 58 54 56 50
NC Static 0 0 26 0 100
NCC Static 0 0 26 0 100
Levenshtein Static | 100 54 66 70 100
LCS B Static 100 31 49 47 100
LCS U Static 95 69 74 80 89
Combined 78 86 85 86 73

Table 3 - Aeron.NET - Method level metrics
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The method level score for ServiceStack.Text and Aeron.NET are shown in Table
2 and 3 respectively. NCC seems to perform better at the method level than NC.

Both NC and NCC both are better choices where proper naming conventions are
followed. NC performs poorly when the method names are long and descriptive.
For example, NC precision and F1 Score is 0 for Aeron.NET as shown in Table
3. In this project, there are no methods found that have the same name as test
method names. LCS-U and LCS-U static also perform well in the method level
scoring due to their better F1 Score. LCBA does not perform well for both of the
projects. The reason for this is, the last call before asserts are usually the helper
methods. It is not always the same method that is under test.

If we see at the combined score for both projects, it seems to be performing well.
It provides a better F1 Score and better accuracy than each of the individual

techniques.

4.4.2. Prediction at Class Level

The class level score for ServiceStack.Text and Aeron.NET are shown in the Table
4 and 5 respectively. NCC seems to perform better at the class level than NC. Both
NC and NCC both are better choices where proper naming conventions are
followed. NC performs poorly when the method names are long and descriptive.
But at class level, mostly the test class names have almost the same names as the
class under test. LCS-B performs better at class level then the LCS-U because it
has better F1 Score and accuracy. Similarly, LCS-U static seems to be performing
better than LCS-B static.

LCBA does not perform well for both of the projects. The reason for this is, last
call before asserts are usually the helper methods. It is not always the same method

which is under test.
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Technique Precision | Recall Accuracy | F1Score | Efficiency
NC 100 25 59 40 100
NCC 100 31 62 48 100
Levenshtein 92 69 79 79 92
LCSB 100 75 86 86 100
LCSU 86 75 79 80 85
Tarantula 83 62 72 71 85
TF IDF 92 69 79 79 92
LCBA 69 69 66 69 62
NC Static 100 29 47 44 100
NCC Static 100 36 53 53 100
Levenshtein Static | 91 71 74 80 80
LCS B Static 100 64 74 78 100
LCS U Static 100 71 79 83 100
Combined 88 88 86 88 85
Table 4 - ServiceStack.Text — Class level metrics

Technique Precision | Recall Accuracy | F1Score | Efficiency
NC 100 50 77 67 100
NCC 100 50 77 67 100
Levenshtein 90 90 91 90 92
LCSB 83 100 91 95 92
LCSU 83 100 91 91 83
Tarantula 57 80 64 67 50
TF IDF 90 90 91 90 92
LCBA 60 90 68 72 50
NC Static 100 56 75 71 100
NCC Static 100 56 75 71 100
Levenshtein Static | 89 89 88 89 86
LCS B Static 90 100 94 95 86
LCS U Static 90 100 94 95 86
Combined 91 100 95 95 92

Table 5 - Aeron.Net - Class level metrics
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If we see at the combined score for both projects, it seems to be performing well. It
provides better F1 Score and better accuracy than each of the individual

techniques.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1. Conclusion

Test to code traceability links is really helpful in maintaining the code artifacts. It
provides traceability information when the code is changed at production. It tells
which test needs to be updated when a code is changed. Not only that, it provides an
efficient selection of tests that needs to be run when regression or integration testing
is done. But developing these links manually and maintaining them is a difficult task

for the developers.

The prototype tool presented in this research helps in developing these links
automatically. It reduces the burden on the developers by doing it automatically. It
creates the link based on the traditional techniques. The tool uses a combined
approach that gives a better result in terms of better accuracy and f1 score as

discussed and presented in Chapter 4.

The tool provides traceability links between two types. 1) test method-to-method
traceability links 2) test class-to-class traceability. The tool provides more effective
results at both class and method levels than the individual technique as shown in
Chapter 4.

5.2. Contribution

NET (C#) is among the most used and trending programming languages. Many
enterprise applications are being developed using the new framework such as .Net
Core and .NET 5,6 as it provides the benefits of cross-platform and performance

improvements.

There are no tools available that can test and code artifacts automatically for these
projects. The tools that are available work with Java programming languages. A
couple of tools are available for C# for this purpose, but the code needs to be

updated for this purpose. A developer needs to insert code inside the classes and
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methods to generate the traceability links. Which again, puts the burden on the

developers and it is again manual work.

The tool presented does not require any code changes inside the code. It simply uses
the concept of Aspect Oriented Programming (AOP), to inject the code at runtime
and collect the call traces. Then based on these traces, the tool automatically

develops the traceability links.

5.3. Future Work

The prototype tool presented in this research works with the NUnit testing
frameworks. There are a few other testing frameworks that are also popular and
adopted by the developers as well. These testing frameworks include the XUnit and
MS Test. The tool needs to be generalized to cater to these two frameworks as well.
The basics of these testing frameworks are the same. So, there is a need for these

frameworks to be incorporated into the tool as well.

The tool does not clearly distinguish between interface/abstract and concrete
implementations. Some work is required at this end as well. The tool needs to filter

out these abstract implementations as well.
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