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ABSTRACT

Over the last few years, code clones have emerged as an active area of research because
of their wide range of applications in different domains of software engineering. Code
clones are the result of copy paste activities. Similar code fragments that exist at differ-
ent locations are called code clones. Code clones are reported in the form of clone pairs.
Clone pairs are further clustered to form code clone groups. Code clones are broadly
categorized into four types from Type 1 to 4. In literature, numerous code clone detec-
tion techniques exist to find different types of code clones. Knowledge extraction from
existing software resources for maintenance, re-engineering and bug removal through
code clone detection is an integral part of software systems. Code clone detection tech-
niques are mainly classified into text based, token based, tree based, metric based and
semantic code clone detection techniques.

Most of the existing semantic code clone detection techniques in literature are based
on the comparison of program dependence graphs through sub graph isomorphism,
which is NP-Complete. Moreover, these techniques for semantic code clone detection
are unable to provide heuristic solution for problems such as statement reordering, in-
version of control predicates and insertion of irrelevant statements which may cause a
performance bottleneck. To address these issues, we proposed a novel approach that
finds semantic code clones between code fragments using data flow analysis on the basis
of reaching definition and liveness analysis. The algorithm based on reaching definition
and liveness analysis is designed to find similar code fragments which are structurally

divergent, but semantically equivalent. The results obtained demonstrate that the pro-
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posed approach using reaching definition and liveness analysis is effective in detection
of semantic code clones for various applications. Results obtained on subject systems
taken from DeCapo Benchmark confirms the effectiveness of the proposed approach.

Further, code clone groups are extracted among different versions of the program
file distributed over thousands of commit hashes in distributed version control system
(DVCS). Code clone group extraction has many software applications that help in refac-
toring and maintenance of code in open source software systems. The evolution of code
clone groups across the history of a software system is termed as code clone genealogy.
Most of the existing solutions for code clone group extraction are based on text similar-
ity among different versions of program files stored in centralized version control system
(CVS). However, existing proposals in literature for code clone group extraction fail to
extract code clone groups among different versions of program files stored in distributed
version control system.

To address these issues, we presented a novel Git code clone group extraction model
based on transitive closure computation on directed acyclic graphs using Big Data Tech-
nologies. Our insight is to extract clone pairs from thousands of commits on a software
system in Git by transitive closure computation and mapping of clone pair parameters
in genealogy to extract code clone evolution patterns in graph database (Neo4j). We
efficiently detected code clone genealogies on Git based e-health care system and created
a scalable solution. We performed evaluations on OpenMRS, an open source e-health
system on Git and presented interesting code clone evolution relationships in code clone
genealogy. The performance of the proposed approach is evaluated using parameters

such as transitive depth, ratio of similarity and count of clones.
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CHAPTER 1

Introduction

During recent decades, rapid advancements have been observed in the field of code
cloning. Copying code segments and then reuse by pasting with or without minor
modifications or adaptations are common activities in software development. This type
of reuse approach of existing code is called code cloning and the pasted code segment
is called a clone of the original [3]. A code segment is labeled as a code clone if it is
identical or highly similar to another code segment. Two similar code segments form
a clone pair. Groups of clone pairs are known as clone classes or clone groups [1][5].
Clones can be introduced into systems deliberately (e.g., copy and paste actions) or
inadvertently by a developer during development and maintenance activities. Like all
code segments, code clones are not resistant to change. It is believed that the code
clones have lot of impact on software maintenance, therefore studying code clones and
their evolution is an interesting topic of research. Code clones are often the result of
copy paste activities. Such activities reduces programming effort and time as they reuse
the existing code rather than rewriting it again. Code clones are broadly classified into

four types as: Type 1, Type 2, Type 3 and Type 4 clones.

1.1 Types of Code Clone

e Type 1 Clones: Code segments which are same except for variations in white

space and comments are Type 1 clones. Type 1 clones are also known as exact



clones. For example:

Original Code Segment:

if (a<b) {

c=d + b;

} and exact copy of the original code can be as follows
if (a<b)

{

c=d+Db;

}

Type 2 Clones: Code segments which are structurally or syntactically equivalent
except for changes in identifiers, literals, types, layout and comments [!] are Type
2 clones. For example:

Original Code Segment:

if (a<b) {
c=d + b;
e=a+ 4

} and Type 2 clone of this code segment can be as follows

if (m<n) {
X=y+u
w=m + 9;

}

Type 3 Clones: Code fragments that have been copied with further modifications
like statement insertions or deletions in addition to the variation in identifier
names, literals, types, layouts and comments are Type 3 clones. For example:
Original Code Segment:

if (a<b) {



c=d + b;
e=a+ 4

} and Type 3 clone of this code segment can be as follows

if (m<n) {
X =Yy + n;
f = 6;

w=m + 9;

}

Type 4 Clones: If two or more code fragments performs the same computation,
but implemented with different syntactic structures are Type 4 clones. For exam-
ple:

Original Code Segment:

if (a<b) {
c=d + b;
e=a+ 4
}

else {
g=t-5

} and Type 4 clone of this code segment can be as follows

if (a>b) {
g=1t-r;
}

else {
e=a+ 4
¢c=d + b;

}



1.2 Reasons for Code Cloning

Code clones do not take place in software systems by itself. There are a number of
factors that might compel software developers in creation of cloned code in the system.

Some of the factors that leads to code clones are discussed below:

e Code can be reused because of copy paste activity. If there exists a solution to a

problem, then the same function can be reused.

e [t has been observed that there is a risk in developing the new code, as well as
to keep software architecture clean and understandable [6][1]. Cloned fragments

speeds up maintenance activities.

e Code clones can be introduced due to underlying language limitation and program-
mers limitation. Like difficulty in understanding large system, time limit assigned
to the developers, lack of developer’s knowledge in particular domain. To write
reusable code might be fault prone. It is preferred to copy the code and reuse it

by pasting with or without modification rather that writing it from scratch [7].

e Code clones may be introduced inadvertently by implementing the same logic by
different developers across different versions of a program file during evolution of

a software system.

1.3 Limitations of Code Cloning

Code clones do take place in large software systems. While it is beneficial to carry
out code cloning, code clones can have bad impact on the software quality, reusability

and maintainability. Some of the limitations of code clones are discussed as follows:



e If a code fragment holds a bug and that code fragment is used frequently in
the source code, then that bug also spreads all over the program where that
code segment is reused [3][9]. To rectify that bug at all places may increase the

maintenance cost and delay.

e It is developer’s responsibility to adapt the code fragment that is already tested
and bug free. If that copied fragment chosen by developer contains bug, then that

new bug is also introduced in the system where that fragment is reused [L10][11].

e Code cloning may increase the probability of bad design. It increases the mainte-

nance efforts of a software system [12].

e Cloning may introduce new resources to handle the higher growth rate of system

size.

1.4 Advantages and Applications of Code Cloning

Cloned code fragments are more stable and reliable as compared to non cloned
fragment. It has great impact on software quality. It is easier to refactor cloned code
as compared to non cloned code. Some of the benefits of code cloning are discussed as

follows:

e If the functionality of cloned code can be understood, then it may help in under-

standing the program up to some extent or fully.

e Clones can be used as macros or functions and can be called directly according to

usage.

e [t helps in finding the malicious code, that if a malicious code can be found in one

code fragment then it is also propagated in the rest of code fragments and it can

5



be rectified at all places by just find and replace action [13].

e It has been observed that the code fragments that have been copied and used

multiple times can be incorporated in the library [14][15].

e Code clones in a software system may be useful in finding plagiarism disguises and

copyright infringement [13][16][1].

e Code clone detection also helps in software evolution analysis by extracting code
clone genealogy across different versions of software system. It helps in analysis

of code clone evolution patterns during software evolution [17][18].

e Code compaction can be achieved by using code clone detection techniques [19].

1.5 Code Clone Classification

Although there are four major types of code clones as discussed earlier as Type 1, 2,
3 and 4. Apart from these researchers used different terms in literature to identify code

clones.

e Exact Clones: Two or more code segments are called as exact or Type 1 clones
if they are exactly similar to each other. There may be some differences in layouts,

comments and whitespace [10].

e Parameterized Clones: A parameterized clone is a renamed clone. These are
created by identifier renaming [20]. These are detected by the comparison of
tokens. CCFinder [1] is one of the leading token based code clone detection tool

that can efficiently find parameterized clones. They belong to Type 2 code clones.

e Near Miss Clones: These types of clones are achieved by incorporating small

changes as identifier renaming, change in literal values and insertion or deletion of



statements from original code fragments. Near miss clones are mainly categorised

in Type 3 clones [21][11][22].

Non Contiguous Clones: Non contiguous or gapped clones are kind of near
miss clones that contain gaps between the code fragments. These kind of code
clones are classified as Type 4 code clones. Gaps between consecutive statements
are created by inserting irrelevant statements. Gapped code clone fragments in

source code are detected by carrying out control and data flow analysis [23][11].

Reordered Clones: Reordered clones are possible by reordering the statements
in copied fragment. Reordered statements in copied fragment do not change con-
trol and data flow dependencies. These kind of clones are structurally different but
semantically equivalent. On the basis of semantic similarity these are classified as

Type 4 code clones [1].

Structural Clones: Structural clones represents design level similar program
structures. These clones are larger than simple clones. Structural clones can be-
long to any type based on their level of similarity. These are very good candidates
for refactoring. Various types of structural clones can be extracted using Clone

Miner [24][4].

Intertwined Clones: In intertwined code clones, two similar code segments are
interweaved together in a single code segment. The similar code fragments are
implemented in a single function by twisting different statements. Intertwined
Clones are considered as Type 4 clones. The backward slicing approach is used

by Komondoor and Horwitz [23][1] to find such clones.

Short-lived Clones: These types of code clones evolve during software evolution

and are easily refactorable for maintenance activities. They live for a short period



of time in a software system. Any kind of clones from Type 1 to Type 4 can be

classified into the category of short lived clones [1][25].

e Long-lived Clones: These type of code clones belong to version control sys-

tems. They are generally unrefactorable code clones and lives for long time across

different versions of a software system [1][20].

1.6 Code Clone Relationships

Code clones are reported in the form of clone pairs or clone groups or clone class

families. Clone pairs are defined in terms of similarity relationships. The similarity
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relationship between code fragments is an equivalence relation (i.e, reflexive, symmetric
and transitive). Code clone pairs are the output of copy-paste activities in a software
system. The collection of clone pairs form a clone group. The collection of clone groups
leads to clone class family [1][3]. Figure 1.1 shows clone pairs between commit hashes.
Each commit hash represents the version of a program file. The collection of all such
clone pairs between commit hashes is termed as a code clone group or clone class. The

granularity of code clone group is more as compared to a clone pair.

1.7 Code Clone Detection Process

A code clone detector try to detect all the possible code clones at different locations
in a software system. The detector compares every possible code fragment with every
other possible code fragment. It follows six phases as preprocessing, transformation,

matching, formatting, filtering and aggregation during code clone detection process [3].

e Preprocessing: In this phase of code clone detection process, uninterested code
fragments are filtered to determine the source code units that are suitable for

comparison.

e Transformation: The output of first phase is passed into transformation. In this
phase, transformation techniques are applied to obtain intermediate code repre-
sentation that is suitable for comparison of code fragments. The transformation
approaches may involve pretty printing, ignore/remove comments, whitespace re-
moval, tokenization, parsing, program dependence graph generation, metric value

calculation and normalization of identifiers.

e Matching: The transformed code acts as an input to suitable comparison tech-

nique where transformed code fragments are compared to find code clones. Some



of the popular matching techniques are token-based [1][20], tree-based [27][11],
PDG based [28][29], metric based [30][31], pattern matching [32][33] and hash
value comparison [l 1][34]. The output of this phase is code clones either in form

of clone pairs or clone groups.

e Formatting: In this phase of code clone detection process, code clone pair loca-

tions are mapped to original source code with respect to line numbers.

e Filtering: In this phase false positive code clones are removed with the help of
visualization tools. A visualization tool is helpful to filter false positive clones by

speeding up the process of manual analysis.

e Aggregation: In order to conduct some analysis, code clones are grouped in the

form of classes, clusters, clone groups or clone class families.

1.8 Code Clone Detection Techniques

Code clone detection techniques are broadly classified into three categories as:

e Syntactic Code Clone Detection
e Semantic Code Clone Detection

e Code Clone Genealogy Detection

1.8.1 Syntactic Code Clone Detection

Techniques for detection of code clones up to Type 3 are syntactic code clone de-
tection techniques. The approaches for code clone detection are classified as text based

approaches [3], token based approaches [1][9], tree based approaches [11][35][30], metric

10



based approaches [32][34][37][3%][30], program dependence graph based [23][39][10][2¥]
and hybrid approaches [27][22][11].

In text based approaches, code clones are detected on the basis of string matching
algorithms. In this the source code is considered as sequence of lines. In token based
approach the complete code is parsed into the sequence of tokens. This lexeme of tokens
is scanned to find duplicate subsequences of tokens that are termed as clones. In tree
based approach, a program is parsed with the help of parser to build an abstract syntax
tree [12]. Similar sub trees are searched in the tree with tree matching techniques and
the corresponding source codes of similar sub trees are returned as clone pairs.

In metric based clone detection approach, different metrics are collected for code frag-
ments and then the values of collected metrics are compared instead of comparing the
source code directly. The code clones up to Type 3 can be detected using text, token,
tree and metric based comparisons. Code clones are represented with the help of metrics

graph, scatter plots and Hasse Diagram’s. [13].

1.8.2 Semantic Code Clone Detection

Program dependence graph (PDG) based code clone detection approaches go one step
further than other approaches by considering the semantic information of the program.
PDG contains control and data flow information of the programs and hence, carries
the semantic information. Once the set of PDG’s are obtained for code fragments,
isomorphic sub graph matching algorithm is applied to find similar sub graphs. These
similar sub graphs are reported as semantic code clones. PDG based approach can
identify non contiguous or gapped clones [23]. The PDG based approach can also
be used to find reordered clones. The major limitation of PDG based approach is
to generate and handle large PDG’s. Although, semantic code clones reported using

sub graph isomorphism is NP-complete problem. Another approach for detection of

11



functionally equivalent code fragments is on the basis of input-output behavior through

random testing [11].

1.8.3 Code Clone Genealogy Detection

Moreover, as code clones are modified, a change evolution history, known as a clone
genealogy [20][15], is generated. Code clone evolution in an important aspect of soft-
ware development. Code clone genealogies are analyzed on the basis of clone lineages.
A Clone Lineage is a directed acyclic graph that describes the evolution history of a

th version is connected by k*

sink node. In a clone lineage, a clone group in (k + 1)
version. A set of clone lineages constructs code clone genealogy [26][15][16]. Code clone
genealogies are classified as alive, dead, short lived and long lived genealogies [26][15].
Code clone genealogies are evolved on the basis of code clone groups. A code clone
group is the collection of clone pairs. Code clone evolution depicts the development of
code clones across different versions of program file. Code clone evolution patterns are

classified as consistent evolution (CO), late propagation (LP), delayed propagation (L2)

and independent evolution (IE) [417].

1.9 Evaluation of Code Clone Detection Techniques

As number of clone detection techniques are evolved with time, therefore a compar-
ison of these code clone detection techniques is essential. Some of the parameters for

comparing different code clone detection techniques are as follows.

e Portability: A clone detection tool is easily portable and configurable in multiple

platforms. It should be portable in terms of programming languages.
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e Precision: The clone detector tool should be efficient to find code clones with
less number of false positives. It should find code clone pairs or groups with high

precision.

e Recall: The clone detector tool should be robust to find code clones that have
hidden clone pairs. Programmers often try to hide code clones by statement
reordering, inversion of control predicates and insertion of irrelevant statements.
The clone detector should be enough capable to find all types of clones in a software

system.

e Scalability: The tool should be able to find code clones in optimum time from

large software system that is distributed over several versions.

e Robustness: A good code clone detector should be robust enough to find similar
code fragments that are modified using editing activities such as layout variation,
identifier renaming, statement reordering, inversion of control structures, insertion

of irrelevant statements and code structure variation.

1.10 Research Gaps

Code clones carry domain knowledge for better program understanding, code quality
analysis, software evolution analysis and bug detection. This requires the extraction of
syntactically or semantically similar code fragments and makes code clone detection
an important and valuable part of software domain. Besides the tremendous benefits
of code clone detection, many challenges still need to be addressed. Among these the
biggest challenge is to find semantic similarity which requires deep semantic analysis of
source code programs [5]. The literature available for software clones mainly focuses on

Type 1 to Type 3 clones. There is enough room for the work to be carried out for Type
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4 clones. Code cloning has been investigated by the research community from different
perspectives in many applications. Lot of research has been carried out by researchers in
this direction but still there is scope for further improvements in the existing solutions.
Hence, based on above discussions, following gaps are identified for code clone detection

in software systems.

e Hybrid techniques are usually derived from one or more clone detection techniques.
There exists no hybrid technique that can detect contiguous and non contiguous

clones simultaneously.

e There is still no special treatment for identifiers and literal values for detecting

code clones in Abstract Syntax Trees.

e Not enough attempts have been made to implement parsing actions such as LR,

LALR and SLR to detect code clones by building parsing tables.

e As PDG based techniques are based on comparison of PDG’s of code fragments
using sub graph isomorphism. The generated PDG’s are returned as semantically
similar code fragments, if they are isomorphic to each other. It is difficult to

handle the large PDG’s and further isomorphism returns approximate solution.

e As per literature survey, most of the techniques for detection of Type 4 clones
are PDG based. Type 4 clone detection techniques have not been explored using

formal methods of program analysis.

e Most of the semantic code clone detection techniques are unable to provide a
heuristic solution to solve the issues like statement reordering, inversion of control
predicates and insertion of irrelevant statements. Therefore, a new type of seman-
tic code clone detection technique needs to be designed that can address these

1ssues.
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e Till now, as per literature survey, most of the existing approaches for code clone
group extraction are focused on centralized version control system. These ap-
proaches are not much efficient to find code clone groups on distributed version

control system (DVCS) in optimum time.

e Git (a distributed version control system) is the most broadly used version control
system and is used as the modern standard of software development. It provides
exceptional support to branching, merging and rewriting history that provides

many innovative and powerful workflows.

e Large software systems on Git go through lots of commits over their life cycles.
Code clone genealogy is evolved over time with each commit made by user in a

software system on Git.

e There exists an enough room to carry out research on code clone group extraction

on distributed version control system.

1.11 Research Objectives

From the above discussions and gaps identified, following are the objectives of the

thesis.

e To study and analyze the existing code clone detection techniques and to carry

out their comparative analysis.

e To design and develop an improved code clone detection technique for detection

of semantic clones.

e To verify and validate the proposed technique.
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1.12 Thesis Organization

The thesis is organized as follows:

e The second chapter provides summary of various code clone detection techniques.
A taxonomy of existing code clone detection techniques is provided in the text.
Some important key concerns related to code cloning as code clone analysis, clone
stability, code clone detection in aspect oriented programming and clone detection
in websites are discussed. A comparison table with detailed comparison of exist-
ing semantic code clone detection techniques with respect to various parameters
are provided in the text. Some of the relevant code clone genealogy extraction
techniques are also discussed. This chapter helps in understanding the basic gaps
between existing techniques and the current proposal. At the end, we have pre-

pared the objectives of the proposed scheme.

e In third chapter, we have mentioned the data flow analysis techniques used in the
proposed technique. This chapter explains proposed approach along with algo-
rithms for semantic code clone detection that addresses the issues as statement
reordering, inversion of control predicates and insertion of dead or irrelevant state-

ments.

e In fourth chapter, we have mentioned the infrastructure and tools used in pro-
posed code clone group extractor model. This chapter explains the proposed Git
code clone group extractor model using transitive closure computation on directed
acyclic graphs (DAG) in Hadoop Distributed File System (HDFS). Moreover, an
efficient algorithm is also presented to extract code clone groups from genealogy

in optimum time.
e In fifth chapter results are divided into two sections. In first section result analysis
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of semantic code clone detection is conducted. The performance of proposed
approach is evaluated on standard benchmark. In second section of this chapter
code clone groups are extracted on subject system. In experimental study, we
have identified the relationships of transitive depth between different versions of

the program file for extraction of code clone evolution patterns on e-health system.

Sixth chapter concludes the findings of the proposed work. The results obtained
have concluded that the proposed approach performs better than existing solu-
tions. Lastly, we have also provided the directions for the future advancements of

the proposed work.
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CHAPTER 2

Literature Review

Significant work has been done by number of researchers on software code clone
detection and evolution of code clones [1][5][18][19]. The whole domain of software code
clone detection consists of numerous techniques based on textual, lexical, syntactic,
semantic, metric, hybrid and model based code clone detection. Moreover, from last
decade lot of work has been carried out on code clone evolution and visualization. Some

other important key concerns are also discussed in this chapter.

2.1 Challenges in Code Cloning

Code clone detection has been used in various applications with a goal to provide
maintenance and refactoring benefits to developers. Software maintenance is one of the
most expensive phases of software development [50]. Hence, there is a requirement of
an optimized solution to code cloning. However, there are number of challenges that
needs to be addressed. Some of these challenges are to identify the insertion of irrelevant
statements, inversion of control predicates, statement reordering and extraction of clone
groups in code clone genealogy.

In existing study, most of the semantic code clones are detected by comparing pro-
gram dependence graphs (PDG’s) using sub graph isomorphism. It is difficult to handle
large PDG’s and moreover, sub graph isomorphism is NP-Complete problem. Hence,

there is a need to present an alternative approach that can find semantic code clones in
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real time. Moreover, in existing study another challenge is to extract code clone groups
in distributed version control systems. Currently in existing study code clone groups
are extracted on centralized version control system using text and location overlapping.

In today’s era, distributed version control systems are widely used by software de-
velopers for version management due to its powerful workflow features. Moreover, code
clone stability has gained a lot of attention from research community. The biggest chal-
lenge in code clone stability is to find ‘whether cloned code is stable or not’. With the
increase in duplication of source code, the proper visualization of code clones for easier

maintenance and refactoring has become a challenge.

2.2 Taxonomy of Code Clone Detection Approaches

Code clone detection is an active research area due to its refactoring and maintenance
benefits. In this direction, many researchers have proposed different code clone detection
approaches to find code clones. These approaches consists of text based, token based,
tree based, metric based and graph based comparisons to find code clones. Moreover,
significant research has been done in the area of code clone evolution, visualization,
stability and refactoring. A detailed taxonomy of various code clone detection techniques

is described in Figure 2.1.

2.2.1 Text Based Code Clone Detection Approaches

In text based code clone detection techniques similar texts are compared line by line
and similar code fragments are reported as code clones.
Johnson et al. [51] presented the code clone detection approach based on finger-

printing to detect text based clones on a substring of the source code. In this approach,
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Figure 2.1: Taxonomy of existing code clone detection approaches.

signatures calculated per line are compared in order to identify matched substrings.
Karp Rabin fingerprinting algorithm [52] is used for calculating the fingerprints of sub-
strings. First, a text to text transformation is performed on the considered source file
for discarding uninteresting characters. Following this the entire text is subdivided into
a set of substrings so that every character of the text appears in atleast one substring.
Finally, the matching substrings are identified as code clones [3].

Ducasse et al. [53] presented another text based approach that is language inde-
pendent, because their approach does not rely upon parsers and parameterized strings,
that needs a lexer. This approach reads the source file, make sequence of lines, removes
whitespace and comments in the lines and detects match by string based pattern match-
ing algorithm. The result of string comparison is stored in the comparison matrix using
reflexive and symmetric nature of matrices. The output of this approach is the form of

line numbers of clone pairs, possibly with gapped lines between them.
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2.2.2 Lexical Approaches

Lexical approaches for code clone detection are based on comparison of sequence
of tokens (lexemes). These approaches are generally more vigorous over minor code

changes as compared to text based code clone detection approaches.

2.2.2.1 Token Based Code Clone Detection Approaches

In token-based code clone detection approach, scanner is used to create tokens of
the source code that skips whitespace and comments. Then similar token sequences
(lexemes) are compared to find code clones. If the pair of lexemes is similar then these
are reported as token-based code clones. This approach generally returns Type 1 and 2
code clones.

Baker et al. [51][16] developed a code clone detection tool named as Dup that is
purely line based as well as token based in the sense that a lexer is used to tokenize
the source code. Then tokens of each line are compared using suffix tree algorithm to
detect exact and near miss clones.

Kamiya et al. [!] developed one of the leading token based technique named as
CCFinder. In this a lexer is used to tokenize the source code and then tokens of all
source files are concatenated into a single token sequence or lexeme. Transformation
rules on the input source string are applied and comparison is done token by token. The
output of CCFinder is in the form of code clone pairs or code clone classes. Visualiza-
tion of code clones is done by visualizing diagonal entries on the scatter plots. Most

of the plagiarism detection systems are based on the comparison of lexical structure of

programs [55][50].
Li et al. [9] introduced another token based code clone detection technique where
a frequent subsequence mining technique [57] is used for identifying a similar sequence

21



of tokenized statements. Due to sequential analysis of source code in CCFinder [!]
and Dup [10], they are generally fragile to statement reordering and code insertion. A
reordered or inserted statement can break a token sequence which may otherwise be
regarded as duplicate of another sequence. These limitations are eliminated by using a
frequent subsequence mining technique where a frequent subsequence can be interleaved
in its supporting sequences. Moreover, the existing tools do not detect copy paste re-
lated bugs. In their work they proposed a tool as CP-Miner, which uses data mining
technique to identify copy paste related bugs in large software systems.

Basit et al. [20] developed an efficient token based code clone detection technique
with flexible tokenization. It finds similar token sequences by applying the transforma-
tion rules as removal of tokens like access specifiers and operators. Later on, suffix trees
are replaced by suffix arrays to save memory space [58]. Another multi-input open source
code clone detection tool as CloneDetective is built on ConQAT [59] infrastructure for
code clone detection research. It detects code clones using suffix trees. It searches for
similar subsequences in a program.

Yamashina et al. [00] presented an automatic code clone detection tool as SHI-
NOBI that is implemented as plug-in of Visual Studio. It detects code clones with the
source code being edited. SHINOBI is implemented as client server architecture. It
uses CCFinderX to tokenize sequence of program code. Finally, a suffix array index is
created to search similar token sequences.

Li et al. [01] designed CCLearner, a token based clone detection approach using
deep learning. A classifier is trained using deep learning to detect code clones in a given
codebase. In this study, a classifier model is trained on the basis of training data (clones
and non clones) and other part is tested to find code clones. They evaluated CCLearner
on BigCloneBench benchmark for empirical evaluation. In their finding, they found

that CCLearner has high precision and recall as compared to existing token and tree
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based code clone detection techniques. To extract the features that describe code clone
relationships, CClearner uses ANTLR lexer and EclipseAST parser for tokenization and

parsing.

2.2.3 Syntactic Approaches

Syntactic approach uses a parser to convert source code program into abstract syntax

tree (AST’s) or parse tree which can be processed using comparison of features of AST’s.

2.2.3.1 Tree Based Code Clone Detection Approaches

In tree based code clone detection approach both scanner and parser are used to
create an AST. Further AST’s are compared to find similar code fragments.

Yang [62] developed a comparison algorithm that exploits syntactic structure of pro-
grams described by grammar of programming languages. The algorithm is based on
dynamic programming that can point out the differences between two programs more
accurately as compared to text based approaches.

Baxter et al. [11] developed tree based code clone detection tool CloneDR, in which
a compiler generator is used to generate an AST. It compares the sub-trees by char-
acterization metrics based on a hash function through tree matching. Sub trees that
are identical to each other are inserted into the same bucket using hashing and rest is
inserted into different buckets. Source codes of similar sub trees are then returned as
code clones. This technique is useful for detection of code clones having the consecutive
code elements in two code fragments. It is not useful to detect code clones in which
there is an insertion of the new code in the middle of the code clone, forming a split
or non contiguous clones. It detects the preceding and following fragments as clones.

Non contiguous clones or split clones are kind of Type 4 clones where gaps are allowed
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between the code fragments and therefore, non contiguous clones are called as gapped
clones [1].

Gitchell et al. [63] designed a program called as ‘sim’ to find similarity between two
C codes. It measures structural similarity of source code by reducing them in corre-
sponding parse tree structure and then aligns them by inserting spaces between strings
of parse trees to obtain a maximal common lexeme.

Wahler et al. [36] described a tree based approach for detection of code clones in
source code, which is inspired by the concept of frequent item sets from data mining. In
data mining, frequent item sets are used to illustrate relationship between large amounts
of data in the form of association rules. The classic example is the analysis of buying
behavior of customers. They found exact and parameterized clones in a more abstract
level than AST, where the AST of a program is built currently in Java, C++ and
Prolog. Further, generated AST’s are converted into XML representations and then
frequent item set mining technique is applied on the XML representations of the AST’s
for finding code clones. This approach is very flexible as it can be configured to work
with multiple programming languages.

Koschke et al. [27] extended tree based code clone detection with the help of abstract
syntax suffix trees. A Suffix tree is the representation of a string as a trie or prefix tree
where every suffix is presented through a path from root to leaf. Instead of comparing
the AST nodes, their approach compares the tokens of the AST nodes using suffix tree
based algorithm, and therefore this approach can find code clones in linear time and
space, a significant improvement over the usual AST based techniques.

Jiang et al. [22] deduced a novel approach of detecting similar trees and a practical
implementation as DECKARD, for code clone detection, where certain characteristic
vectors are computed to approximate the structural information within the AST’s in

the Euclidean space R,. A Locality Sensitive Hashing (LSH) [64] scheme is used to

24



cluster similar vectors with respect to Euclidean distance metric and thus similar code
fragments are returned as code clones. A pair wise tree comparison could be used to
detect such clones, but this is expensive for the large programs because of the large
number of sub trees. For this they demonstrated a novel technique based on charac-
teristic vector and vector clustering to handle large number of characteristic vectors.
However, there is still no special treatment for identifiers and literal values for detecting
clones in AST’s. The AST based approach disregards the information about identifiers.
It ignores data and control flows, and therefore fragile to statement reordering, insertion
and replacement, that leads to evolution of PDG based technique.

Bulychev et al. [65] presented a new algorithm for code clone detection. It is in-
dependent of source code and works at AST level. The algorithm considers that two
sequences of statements are considered as code clones if one code segment is achieved
by replacing some of the sub trees of other code segments. They implemented the algo-
rithm in CloneDigger.

Evans et al. [35] introduced further abstraction (known as structural abstraction)
of a program AST represented with XML for finding exact and near miss clones with
gaps. While AST’s are build from lexical abstraction of the program by parameteriz-
ing (substitution) only AST leaves (abstracting identifiers and literal values), structural
abstraction is obtained by further parameterizing the arbitrary sub trees of AST’s.
Structural abstraction is more general than AST representation.

Nguyen et al. [60] introduced an incremental clone detection tool, ClemanX for man-
agement of code clones. Code clones are detected by generating the potential clones
along with their corresponding characteristic vectors. Characteristic vectors are con-
structed on the basis of feature extraction approach. The similar code fragments are
clustered as a clone pair on the basis of minimum editing distance between characteristic

vectors. Further, similar pairs are hashed into buckets using locality sensitive hashing
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(LSH) technique [6-].

Kamiya [067] presented a tree based code clone detection technique that find near
miss or Type 3 code clones in python source code. It detects similar sequences during
the execution of program by applying apriori algorithm [68] (a frequent item set mining

technique) on call tree generated through execution sequence of source code.

2.2.3.2 Metric Based Code Clone Detection Approaches

Software metric is defined by computing some property of a part of software. It
presents quantitative techniques which are helpful in evaluating the software quality.
The aim of software metrics is to manage and recognize the necessary parameters that
influence software development. Numerous techniques are presented to rank software
metrics. Garg et al. [09] presented a framework for ranking of software metrics on the
basis of fuzzy based matrix methodology. Metric based approaches collect a number of
metric values for code segments and then compare those metric values instead of AST
or code based comparisons.

Kontogiannis et al. [32] developed an abstract pattern matching tool to identify
probable matches using Markov models. It measures the similarity between code frag-
ments. They have presented three pattern matching techniques as direct comparison
of metric values, dynamic programming approach and statistical matching algorithm to
detect code clones. In the first approach, metrics taken into consideration are fan out,
ratio of input output variables to the fan out and McCabe’s cyclomatic complexity. On
the other hand in dynamic programming approach, the distance between the pair of
begin-end blocks is defined as the least costly sequence of insert, delete and edit steps
required to make one block identically equivalent to another block. Finally, statistical
matching algorithm is applied to detect similar code fragments.

Mayrand et al. [31] developed the tool CLAN that returns code clones by finding
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values of several metrics (e.g, no of lines of source code, number of function calls con-
tained, number of CFG edges etc.) for each function unit of the program. Units with
similar metric values are considered as code clones. Partly similar units are not detected
as code clones.

Patenaude et al. [70] detected method level metrics such as number of calls from
a method, number of statements, McCabes cyclomatic complexity and number of local
variables. These metric values are compared to detect similar methods.

Balazinska et al. [3%] presented an algorithm for automatic classification of clones
using metrics extracted from AST representation of source code. The purpose of this
research is to investigate the use of clones as a basis for those re-engineering actions
which are useful for maintenance of software systems.

Lanubile et al. [37] deduced a semi automated approach to detect function clones
in web applications. Code clones are detected by comparing metric values. Perumal
et al. [71] presented a metric based approach based on fingerprinting technique. They
calculated the similarity score for a pair of code fragments. They found clusters of code
clones that are mutually similar.

Kodhai et al. [72] presented code clones on the basis of textual comparison of code
fragments. They compared several method level metrics as number of lines, arguments
passed, function calls, local variables declared, conditional statements, loop control
statements and return statements for detection of Type 1 and Type 2 code clone meth-
ods.

Li and Sun [73] proposed a metric space based code clone detection approach. It
uses distance metric to measure the similarity level of code. A proximity query based
technique based on Range Query and Nearest Neighbor is applied to find the closeness
between a pair of code fragments.

Lavoie et al. [71] presented a technique based on graphic processing unit (GPU)
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algorithms to compute many instances of the longest common subsequences on GPU
architecture using DP matching algorithm. This approach is useful to address the prob-
lem of filtering false positives produced by metrics based clone detection methods.

Bansal et al. [75] proposed an approach which evaluates the set of independent met-
rics on the basis of precision and recall values in clone detection. They have further
increased the metric combinations to choose the appropriate set of metrics for code clone
detection.

Salwa [31] presented an efficient metric based data mining approach for code clone
detection. Metrics are collected for all functions in the software system and fractal clus-
tering is applied to find relatively small number of clusters. These clusters represent
similar code fragments.

Joshi et al. [76] investigated Type 1 and Type 2 function clones using data mining
technique. They have created dataset by collecting metrics for all functions in a soft-
ware system and applied Density-Based Spatial Clustering of Applications with Noise
(DBSCAN) clustering algorithm on the dataset to cluster Type 1 and Type 2 function

clones.

2.2.4 Semantic Approaches

Semantic approaches have been proposed to provide more exact information as com-
pared to syntactic approaches. Semantic approaches for code clone detection are based
on comparison of semantics of a program. Semantic code clones are detected using
comparison of program dependence graphs (PDG’s) and by evaluating input output

behavior of code fragments.
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2.2.4.1 Graph Based Code Clone Detection Approaches

In graph based approach, a program dependence graph is created for control and data
flow dependence. Further, these control and data flows are matched through graph iso-
morphism. It is capable of finding non contiguous code clones which were separated
through irrelevant code statements.

Horwitz [77] identified textual and semantic differences between two versions of a
program. Program components are partitioned on the basis of equivalent behaviors
using partitioning algorithm. Program representation graphs are used for graph repre-
sentation of program.

Krinke et al. [39] identified the code clones by taking the concept of parse trees
and found that these trees do not contain any control and data dependence information
with it. By introducing control and data dependencies along the edges and nodes of
the AST, a new dependence graph as program dependence graph (PDG) is generated.
Further, an iterative approach (K-length path matching) has been used for detection of
maximal similar sub graphs.

Komondoor et al. [23] developed one of the leading PDG based code clone detection
technique which finds isomorphic PDG sub graphs using program slicing [78]. They pro-
posed an approach to convert non contiguous clones into contiguous. They preserved
the semantics of original code for automatic procedure extraction to support abstraction
28]

Liu et al. [10] developed a PDG based code clone detection tool, GPLAG for plagia-
rism detection. Plagiarism disguises are the most important part of this technique. Pla-
giarism disguises discussed in this work are identifier renaming, format alteration, code
insertion, statement reordering and control replacement. Implementation of GPLAG
is done with the help of PDG’s of the two source codes. These PDG’s are passed to

lossless and lossy filters for pruning plagiarism search space. Finally, isomorphic sub
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graphs are detected between two PDG’s to find semantically equivalent code fragments.
Gabel et al. [79] worked upon the scalable detection of semantic code clones. They
considered the base as PDG and found that complex PDG’s are difficult to analyze.
They removed level of difficulty to some extent by converting the PDG’s into AST’s
that are easier to analyze. The AST’s are then analyzed with the help of characteristic
vectors [22].

Higo et al. [29] worked on the new area of clone detection which uses PDG’s for
contiguous clones. The paper presented by them proposes PDG specializations for con-
tiguous code clone detection. The specialization is to introduce an extra link known as
execution next link in the PDG that expands the range of program slicing, so that the
ability to detect contiguous clones is improved. An execution next link is an edge that
represents the order of execution of program elements. There exists an execution next
link between the two nodes if the program element represented by one of the nodes may
only be executed after the program element represented by the other node. Another
specialization is to merge directly connected equivalence nodes that reduces the compu-
tational cost of code clone detection.

As most of the graph based approaches for code clone detection are static. Neubauer
[88] presented a dynamic approach for semantic code clone detection. He developed a
tool named as KAMINO that tracks control and data flow dependencies at method level
during runtime by using Java byte code. Finally, similar flows are matched using longest
common substring algorithm to find semantic code clones.

Sheneamer and Kalita [89] detected Type 3 and Type 4 code clones using machine
learning by extracting the features of abstract syntax trees and program dependence
graphs. They presented the pair of code fragments as vector and used classification
algorithms to train the model. The classification models are trained and tested using

fifteen different machine learning algorithms. Moreover, these classification algorithms
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Table 2.1: Comparative analysis of semantic code clone detection techniques.

statement reordering
and dead code detec-
tion

Author Year | Source Code | Code Clone detec- | Advantages Scope/Limitations
Representa- | tion Technique
tion
Baxter et| 1998 | AST Hashing Near miss clones Could not find split
al. [11] clones
Marcus et | 2001 | Text Latent Semantic In- | Structural clones Includes whitespace and
al. [80] dexing comments
Krinke et | 2001 | PDG N-length path High precision and | Slow rate of PDG
al. [39] recall Generation, unable
to detect reordered
statements
Komondoor | 2001 | PDG Sub-graph  isomor- | Procedure  Extrac- | NP-complete
et al.[23] phism tion
Gabel et al. | 2008 | PDG and AST | Mapping of PDG on | Scalable Slow  generation  of
[79] AST PDG’s for huge source
code
Choi et al. | 2009 | Birthmarks Max weighted bipar- | Efficient Deobfuscation Attacks
[81] tite matching
Jiang et al. | 2009 | C Intermedi- | Random testing Scalable Does mnot take care
[44] ate Language about structural infor-
mation of code
Kim et al | 2011 | Path sensitive | Abstract memory | Precise More false positives
[32] Semantic- State comparison
based  static
analyzer
Schugerl et | 2011 | AST Semantic web rea- | Scalable Only find bigger code
al. [33] soning fragments
Higo et| 2011 | PDG PDG mapped with | More precise with | Heavier in structure
al.[29] execution links contiguous code
Elva et al | 2012 | Java methods |IOE(Input, output | Higher recall Works only for Java
[34] and effect)Behavior methods
Kamiya et | 2013 | Java Byte code | n-grams Scalable Needs refinement to
al. [85] permit  more  code
modifications  during
refactoring
Tekchandani| 2013 | AST Grammar Recovery | Semantic clones More false positives
et al.[30]
Wang et al. | 2014 | SDG (System | Hybrid (metrics + | Semantic clones False negatives and false
[87] Dependence Graph) positives
Graph)
Proposed 2016 | AST Reaching definition | Less number of false | Works only for Java
Work and liveness analysis | positives, considers | code

are compared to measure their ability to detect code clones. In their findings, they

concluded that Xgboost [90] is an exceptional classification algorithm for detection of
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syntactic and semantic code clones.

2.2.4.2 Input Output Behavior Based Clone Detection Approaches

Jiang et al. [11] proposed an algorithm based on input output behavior that presents
functional equivalence between a set of code fragments. They developed their algorithm
using automated random testing. Their experimental result shows that there exist many
functionally equivalent code fragments that are syntactically different from each other.
In this study, they covered more than 624 KLOC of Linux kernel and found that 58%
of the functionally equivalent code fragments are syntactically different.

Elva et al. [31] presented a semantic code clone detection approach based on input
output behavior. Two code fragments are semantically equivalent if their input output
behavior is identical. Input is determined by the parameters passed to the function
and state of the heap when function is called. The output behavior is determined by
function return values and its effects.

Kamiya [35] developed an execution based semantic code clone detection tool, Agec.
It detects code clones by extracting n-grams from execution sequences and further these
n-grams are compared to detect semantically equivalent code fragments. In his experi-
mental study, the n-gram size is taken as six to find code clones in open source subject

system as ArgoUML.

2.2.5 Hybrid Code Clone Detection Approaches

Hybrid techniques for code clone detection are the combination of one or more tech-
niques discussed from section 2.2.1 to 2.2.4. For instance, token based and PDG based
techniques can be merged together to find contiguous as well as non contiguous code

clones.
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Maeda et al. [91] worked on code clone detection using parsing actions in which
parsers are used for parsing the source code. It has been suggested that any kind of
parsers (LR, LALR, SLR etc.) can be used to parse the source code. They built the
parsing tables for a given set of rules consisting of terminals and non terminals. Action
and goto tables are created for state transitions. Finally, suffix trees and suffix arrays
are used to detect code clones.

Gode et al. [92] worked on the incremental detection of code clones. In incremen-
tal detection of code clones they preserve the current code clones and then use them
further to detect code clones in other source codes. Their empirical results reveal that
incremental code clone detection takes less time as compared to non incremental code
clone detection if the changes in the source code do not exceed a certain fraction of
source code. The incremental clone detection algorithm developed by them is based
upon token based approach and uses the nodes of suffix trees for reusability.

Roy et al. [93][21] proposed a multi pass hybrid approach as NICAD that detects
both exact and near miss clones using flexible pretty printing and code normalization
techniques. In the first phase potential clone pairs are identified, pretty printed and
extracted from subject code. Further, NICAD compares pretty printed potential clones
using longest common subsequence algorithm.

Basit et al. [91] developed the tool Clone Miner that uses frequent item-set mining
approach which works on the output of Repeated Token Finder (RTF) [20]. Clone Miner
is used to find some specific type of structural clone sets such as simple clone, method
clone, file clone and directory clone sets.

Chilowicz et al. [95] presented a new hybrid approach on the basis of code factor-
ization and pattern matching algorithms using suffix arrays. It detects function clones
in source code that are represented in the form of call graphs. In call graphs vertices

represents functions and edges represents the function calls.
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Li and Thompson [96] presented a token and tree based hybrid technique to detect
code clones in Erlang programs. The fundamental property of Erlang language is built-
in support for light weight processes. The proposed approach is able to find code clones
in Erlang programs that are syntactically similar.

Selim et al. [97] enhanced source based code clone detection using intermediate rep-
resentation. The source code representation (e.g. Java and C files) of a software system
has been traditionally used for clone detection. They proposed a technique that trans-
forms the source code into an intermediate representation and then reuses established
source based clone detection techniques to detect clones in intermediate source code
representation. The extracted code clones are mapped back to the source code and are
used to augment the results reported by source based clone detection. This approach
can detect upto Type 3 code clones.

Hummel et al. [98] presented a novel, index based code clone detection algorithm for
detection of Type 1 and 2 clones. They performed code clone detection in incremental
and scalable manner. They detected code clones in 73 MLOC and demonstrated that

incremental updates are useful for code clone management.

2.2.6 Model Based Code Clone Detection Approaches

Model driven development has been an active area of research with the rise in ab-
straction. Large models are developed using various modeling languages like UML,
Matlab, Z specification languages etc. The presence of duplicate sub structures in dif-
ferent types of model based specification languages cannot be ignored. Many researchers
worked in this area of research.

Sequence diagrams are widely used in system modeling. Duplication in sequence
diagrams reduces maintainability and reusability. As a result, maintainability of models

becomes an important concern for software fertility. Liu et al. [99] detected code clones
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in sequence diagrams by transforming 2-D sequence diagrams into 1-D array. Then a
suffix trees are build using 1-D arrays for similarity detection in sequence diagrams.

As discussed in section 2.1, that the problem of finding largest clone pair using sub
graph matching is NP-complete, i.e., no polynomial time algorithm is expected to find
maximal clone pairs which one can use for model based code clone detection. Deis-
senboeck et al. [100] extracted model based code clones by using maximum weighted
bipartite matching technique on labeled multigraphs, which can be solved in polyno-
mial time. They represented Matlab/Simulink target link models as graphs. Model code
clones are affected by the issues of scalability, code inspection and relevance. Their study
provided useful finding in addressing these issues in real time.

Pham et al. [101] presented a novel clone detection tool as ModelCD for Mat-
lab/Simulink models that detects exact and near miss model clones. They transformed
models into directed graphs by assigning labels to relevant blocks. They proposed two
algorithms as escan and ascan to detect code clones in models. Exact model clones
are detected by escan using canonical labeling (an advanced isomorphic graph match-
ing technique). Moreover, approximate model clones are detected by ascan that finds
non-overlapping weakly connected sub graphs with same structure.

The lack of incremental model based clone detection obstructs an efficient clone
management. It requires latest cloning information. Hummel et al. [102] proposed an
incremental and distributed approach for model based code clone detection. A UML
model is pre-processed by converting the model into labeled directed graph. Model code
clones are detected by applying canonical matching on labeled nodes and edges. The
sub graphs are indexed using a clone index and then hashed into a hash table to retrieve
isomorphic sub graphs.

Storrle [103] initiated the detection of code clones in UML domain models by defin-

ing a labeled graph structure that is suitable for representing models. UML case tools
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are used to generate XMI files from UML domain models. These XMI files are further
converted into Prolog files. The output is generated using model matching technique
on some input model. The classification for model based clones as exact, modified,

renamed and semantic model clones is also proposed in this work.

2.2.7 Code Clone Evolution Approaches

Software system needs to grow in order to be used for longer period of time. It should
be updated across different versions to deal with ever changing requirements of users.
The various software metrics get affected during software evolution [104]. This section
describes the research closely related to code clone evolution or code clone genealogy
detection. Code clone evolution depicts the development of code clones throughout the
history of a software system. This study consists of code clone evolution patterns and
evolution of code clone groups in a software system with time.

Lague et al. [105] initiated evolution of code clones over time using source code met-
rics for large telecommunication software having history of three years. They applied
two changes as Preventive Control (new clone is added for good reason) and Problem
Mining (to deal with existing software clones) for effective clone management and track-
ing.

Antoniol et al. [18] presented a method to predict and monitor code clone evolu-
tion across various versions of a software system. In this average number of clones per
function are identified using metrics based approach and then these extracted clones are
modeled in terms of time series to predict code clone evolution patterns. A time series
is a stochastic process in which changes are collected over time for future predictions.
An experimental study is performed on 27 successive versions of MiniSQL (a relational
database system written in C language). Later on, different versions of Linux Kernel

(versions 2.4.0 to 2.4.18) are analyzed to check changes in code clone evolution patterns
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[17]. The similarity between the Linux subsystems is measured through metric based
code clone detection technique proposed by Mayrand et al. [31].

Kim et al. [106] carried an ethnographic study of code clones to understand copy
and paste behavior of programmers in object oriented systems. They developed a logger
in Eclipse IDE that accounts key strokes and editing operations. Edit logs captured by
logger are replayed to infer change patterns in code clone evolution. Their study re-
vealed that programming language limitations and structural templates results in code
duplication. These findings results in code clone genealogy study. In code clone geneal-
ogy, a clone group is traced to its base clone group in previous versions of source code
projects [107].

Di Penta et al. [108] presented an evolution framework as Ewvolution Doctor [109]
to monitor software evolution. It also helps in renewal of the software system by im-
proving the directory structure of source files. It deals with refactoring, removal and
reorganization of source code repositories during software evolution.

Kim et al. [26][25] were the first to analyze code clone genealogies. They analyzed
code clone genealogies on the basis of clone lineages. Sink node of clone lineage rep-
resents a clone group. A clone lineage is a directed acyclic graph that describes the
evolution history of a sink node. In a clone lineage a clone group in (k + 1) version is
connected by k' version. A set of clone lineages constructs a code clone genealogy [20]
[15] [16]. Further, they have classified code clone genealogies as alive, dead, short lived
and long lived genealogies [20] [15]. They have build a clone genealogy extractor (CGE)
based on text similarity and location overlapping function that automatically extracts
versions of program file from source code repositories stored in centralized version con-
trol system (CVS).

Balint et al. [110] developed a visualization tool named as Clone Evolution View to

analyze the various changing evolution patterns. It analyzes the number of lines cre-
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ated by a software developer, time of modification, location of code clones in a software
system. In their approach duplicate text fragments are aggregated into sets called as
clone class families. Clone class families describe the relationship of cloning between
multiple versions of the text [111]. Clone evolution view is visualized with the help of
three developer activities as line cloning, block cloning and line fixing. In their empirical
observations, two types of attributes as consistent and inconsistent are discussed from
the viewpoint of maintenance.

Aversano et al. [112] extended the findings of Kim et al. [20] and carried an em-
pirical study on ArgoUML and DNSJava CVS repositories. They studied code clone
maintenance during evolution activity. However, they manually investigated code clone
genealogies for finding change patterns and focused on exact code clones.

Gode [113] presented a study on evolution of Type 1 (exact) clones and proposed
an approach that models code clone evolution based on the changes in the source code
that were made between consecutive versions of the program in various open source
software systems. Livieri et al. [I11] conducted an evolution analysis of Linux Kernel
using code clone coverage (CVR) metrics. They checked 136 versions of Linux Kernel
using D-CCFinder [115] (a distributed extension of CC-Finder). In their study, results
are visualized using a heat map graph.

Bakota et al. [116] proposed an approach based on similarity measurement to map
code clones from one specific version of the software to another. In their study, they
worked on dynamic behavior of code clones and defined an evolution mapping between
two code fragments from different versions. The evolution mapping is partial one to
one mapping of clone instances between consecutive versions of the subject software
system. Moreover, they introduced the concept of code smells that refers to the detec-
tion of harmful code fragments among different versions of the software system. In this

approach, code clones are detected using AST based code clone detection tool, clones
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27).

Thummalapenta et al. [17] extended the work of Aversano et al. [112] and conducted
a similar study to understand the extent of code clone propagation in genealogy. They
considered four evolution patterns as consistent evolution (CO), late propagation (LP),
delayed propagation (L2) and independent evolution (IE).

Shawky et al. [117] modeled evolution of code clones in open source systems using
chaos theory for prediction of code clones in new versions of software system. Code
clones are identified using CloneDR [!1]. Extracted code clones from CloneDR in each
version are represented in the form of time series data. The Maximal Lyapunov expo-
nent [ 18] is calculated for the identification of chaos in systems. Chaos points to the set

of systems that are at some intermediate points between entirely predicted and random

systems.
Saha et al. [15] carried the study of Kim et al. [26]. Their study differs from the
study of Kim et al. [20] in the aspect of delivery. They evaluated code clone genealogies

at release level, while previous study on code clone genealogy is at revision level. Further
they have conducted an in-depth empirical study for evaluation of code clone genealogies
on 17 open source systems covering programming languages as Java, C+4, C and C#.
They have replaced location overlapping function with snippet matching algorithm that
works well with statement modification and reordering. They have classified one add on
genealogy as syntactically similar genealogy (SSG). However, they focus at the release
level in open source software systems. Moreover, Saha et al. [119] carried their previ-
ous study for extracting near miss code clone genealogies. They presented a framework
for extraction of exact and near miss code clone genealogies across multiple versions of
program.

Barbour et al. [120] studied late propagation in software clones to find inconsistent

changes during software evolution. Simian and CCFinder [1] clone detection tools are
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used to examine the characteristics of late propagation in two long-lived open source
software systems as ArgoUML and Apache-ANT. They identified eight types of late
propagation from LPI to LPS§ and studied them to identify the type of late propaga-
tion that leads to most of the faults in a software system.

Gode et al. [19] presented an incremental clone detection approach that detects and
maps code clones for multiple versions of a program based on token based clone detec-
tion using suffix trees. They have evaluated that most of the clones remain unchanged
during their lifetime and were mostly changed inconsistently.

Pate et al. [18] conducted a systematic review on code clone evolution which in-
dicates that there are contradictions regarding lifetime of the clone lineages and the
consistency of code clones during evolution of software system.

Saha et al. [16] performed an exploratory study on the evolution of Type 1 (exact),
Type 2 (parameterized) and Type 3 (near miss) clones in six open source software sys-
tems and found that Type 3 code clones are more likely to change inconsistently in a
software system. They compared the results of Type 3 code clones with that of exact
clones to understand the behavior of Type 3 code clones.

Xie et al. [121] estimated the possibility of faults by studying the migration of
code clones during code clone evolution. They performed their empirical study on fault
proneness on three open source systems as ArgoUML, JBOSS and Apache-ANT. The
code clones in this study are detected using NICAD [122]. They found that the presence

of clone mutation makes clone migration more unsafe.

2.2.8 Code Clone Visualization Approaches

Code clone visualization is an active area of research. It deals with the visualization
of code clones after detection. It helps in speedy analysis of results. Johnson et al. [13]

visualized code clones using Hasse diagram. Hasse diagram is the graphical representa-
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tion of partially ordered sets. A relation ‘R’ on set ‘A’ is said to be a partially ordered
relation if it is reflexive, anti-symmetric and transitive [123].

Code clones are visualized using scatter plots and metrics graph in Gemini [2]. It
reads the output of CCFinder [!]. It detects code clones by comparing the lexemes of
tokens and outputs the location of code clone pairs. It consists of four steps as lexical
analysis, transformation, match detection and formatting.

Kim et al. [20] represented code clone genealogies in terms of clone lineages. A clone
lineage is a directed acyclic graph where sink node represents a clone group. Tairas and
Gray [121] developed an Eclipse plug-in that shows the results of CloneDR [I1]. This
is an extension of AspectJ Development Tool (AJDT) that presents graphical view of
code clones detected in the source file. In this code clones are considered similar to
aspects and AJDT visualiser plug-in is used to display the cross cutting concerns of
aspect oriented programs.

Adar et al. [125] introduced code clone exploration system as SoftGUESS for code
clone genealogy visualization. They represented SoftGUESS through number of appli-
cations to analyze code clone evolution patterns in software systems. SoftGUESS is
based on a graph exploration system GUESS [120]. It consists of encapsulation and
genealogy browsers for visualization of single and multiple versions of code clones.

Jiang and Hassan [127] introduced the concept of clone mining. It is the process of
mining interesting clone patterns from huge amount of potential code clone candidates.
They used data mining framework to uncover code clones. Moreover, a visualization
graph as clone system hierarchical graph is also presented in this work. It uses a tree
structure that copies the directory structure of the file system.

Zhang et al. [128] presented a visualization tool as Clone Visualizer in Eclipse frame-
work. It filters and visualizes the output of Clone Miner. Clone Miner is a token based

tool that uses frequent subsequence mining technique to filter contiguous and non con-
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tiguous code clones [24]. They developed a clone query system that specifies filters to
extract abstract views from large cloning data. The output of clone query system is
stored in a relational database.

Fukushima et al. [129] proposed a code clone visualization method as code clone
graph. It gives graphical representation of clone sets. It reads the output of CCFinder
[1]. In code clone graph, if code clone sets are included in the same program file, then
each code clone set is represented as node of the graph and nodes are connected through
an edge. Further, metrics are calculated to find diffused code clones.

Murakami et al. [130] developed an Eclipse plug-in named as ClonePacker. 1t vi-
sualizes code clones using Circle Packing. It reports location of code clones in source
code much faster as compared to an existing tool, Libra [131]. Circle Packing represents

enclosure diagrams for visualizing detected clones with file hierarchies.

2.2.9 Other Key Concerns in Code Cloning

Apart from the techniques discussed above there exist some other key concerns in
code cloning that are gaining lot of attention from research community. These key
concerns includes code clone analysis, refactoring, impact of clones on software systems,

code clone detection in websites and code cloning in Aspect Oriented Programming

(AOP).

| Other key concernsin cloning |

A 4 A l A 4

Code clone stability | Clone detection in websites Clone detection in AOP | | Code Clone Analysis

Figure 2.2: Other key concerns in code cloning.
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2.2.9.1 Code Clone Stability

This study summarizes the studies on whether cloned code is more stable and reliable
as compared to non-cloned code. It also analyzes the impact of code clones on software
quality.

Monden et al. [12] conducted a module based analysis to find relation between
software quality and code clones. Their study reveals that program files containing
code clones are more reliable than other program files. They found that modules with
code clones are easy to maintain than non clone modules in a software system. The study
reveals that large code clones are less reliable and difficult to maintain as compared to
non clone modules.

Lozano et al. [132] designed a prototype tool as CloneTracker to collect proofs
to verify the belief that ‘Code clones are generally harmful’. Software prototyping is a
process of developing prototypes of software systems [133]. It analyzes clones at method
level and count the number of times the method was changed in different versions of
program file with in a particular time frame. It uses CCFinder [1] to detect code clones.
In their analysis they found that code clones are harmful and have adverse impact on
maintenance.

Krinke [131] presented a study on stability of code clones. To understand the stability
of cloned code he conducted two separate but related studies on evolution of exact
clones. He tried to answer the question as ‘if cloned code is more stable than non-
cloned code during software evolution’ by finding change evolution patterns. Source
code changes are distinguished by addition, deletion and updation of existing source
code. He found that deletions of code clones act as dominating factor to evaluate the
stability of code clones. Further, this study is carried by Gode and Harder [135] by
considering different parameters for code clones to validate the findings of Krinke [134].

In continuation, Krinke [136] evaluated the ‘age’ parameter to check stability of cloned
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code in centralized version control system. In his study, he proposed that if a fragment
of cloned code is changed less as compared to non cloned code during its lifetime, then
it is more stable as compared to non-cloned code. Changes are tracked line by line using
CVS ‘annotate’ command.

Juergens et al. [137] introduced CloneDetective framework to find inconsistent code
clones. Their study presented a strong evidence regarding code clones, that major source
of defects in a software system are contributed by inconsistent code clones. Inconsistent
code clones are detected by measuring the edit distances on suffix trees to find significant
overlap among code fragments.

Selim et al. [138] conducted a study on survival analysis to understand the effect of
code clones on software defects. The risk of experiencing a defect in software system
is modeled by Cox hazard function. The study used two types of predictors as Control
Predictors and Cloning Characteristic Predictors to classify code clones as harmful or
safe. In their study they concluded that code clones are not always be more harmful
than non cloned clones.

Rahman et al. [139] tried to validate the general belief that ‘code clones are bad
smells’. They conducted an analysis between code cloning and defect proneness. In
their findings, they found that code clones are always not the bad smells. Moreover, they
found that the cloned program fragments are less inclined towards defects as compared
to non cloned code fragments. In this study, code clone detection tool DECKARD [22]

is used to obtain code clone information.

2.2.9.2 Clone Detection in Web Applications

Website consists of lot of code and usually suffers from short development life cycles
due to client site requirements. It includes content, structure and usage analysis. The

rapid evolution of web pages leads to introduction of code clones in websites. Lot of
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studies confirms the presence of code clones in websites at different levels. Due to ex-
pansion of web and e-commerce sites the demand of new websites and web applications
increases manifolds. Moreover, it is easier to maintain the web data in cloud environ-
ment, instead of managing that data in the form of web pages [110].

Aversano et al. [111] proposed an approach to reuse the existing sites by means of
duplication. They used UML to support design and implementation of websites based
on relational database management systems. The conceptual views of the repository of
the website are represented through UML diagrams.

Lucca et al. [112] proposed an approach to detect duplicate web pages in websites
on the basis of similarity metrics. Code clones are detected for the web pages that are
designed using HTML and ASP technologies. The levenshtein distance metric is used
to determine the degree of similarity between the pair of web pages. If the values of
levenshtein distance metric is zero then the two HTML strings are considered as code
clones, otherwise these strings are evaluated on some threshold value to specify the ex-
tent of code clones in web pages.

Lanubile et al. [37] proposed an approach for speedy selection of function clones in
web applications that can be applied to prevent clone spreading. In this study function
clones embedded in HTML scripts of web applications are identified.

Lucia et al. [113] presented a tool to understand the cloning patterns in websites
through analysis of code clones and clustering. Similar pages are analyzed and clustered
on the basis of levenshtein edit distance. Finally, uninteresting parts of clustered nav-
igational schema are filtered to improve understanding of code clone patterns in web
applications.

Rajapakse et al. [111] conducted a quantitative study of code cloning on 17 web ap-
plications of varying sizes, developed using different scripting languages. In their study,

they found 17% to 63% of clones in web applications. They developed a code clone
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analyzer to control and analyze code clones detected by CCFinder [1].

Lucia et al. [115] presented an approach based on Latent Semantic Indexing (LSI)
[146] that computes the dissimilarity between web pages. The similar pages are clustered
using Hierarchical, Partitional and Artificial Neural Network (ANN) based clustering
algorithms. In this work single link, complete link and average link methods are used

to compute distances between two clusters.

2.2.9.3 Clone Detection in Aspect Oriented Programming

The domination of the decomposition states that, no matter how well a software
system is decomposed into modules, some concerns crosscuts the decomposition. Code
will get spread throughout other modules. Code spreading will lead to code duplication
in cross cutting concerns. Cross cutting concerns are the parts of the program that
depend on other modules in a system.

Bruntink [147] discussed an approach to relate code clone detection to aspect min-
ing. They developed a method to filter clone classes on the basis of clone metrics. The
relevance of clone class for aspect mining is shown by assigning a grade to clone class.
Clone classes that scores less than a predefined threshold value are filtered out and only
relevant clone classes are collected.

Bruntink et al. [118] evaluated the code clone detection techniques for identification
of cross cutting concerns. The evaluation considers token based CCFinder [1], AST
based cediml [27] and PDG based PDG-DUP [23] clone detection techniques. The ob-
jective of this study is to evaluate the relationship among five cross cutting concerns
(error handling, tracing, NULL-value checking, range checking and memory error han-
dling) and code clones in CC component written in C language. In this study, they
found that lot of time is spent in dealing with the concerns as error handling and trac-

ing. Their study showed that token based and abstract syntax tree based clone detection
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techniques are best suited for error handling and NULL-value checking, while abstract
syntax tree based techniques are also appropriate for the range checking aspect. The
PDG based techniques are suitable to deal with tracing and memory error handling
concerns.

Schulze et al. [119] presented a code clone classification approach that makes a deci-
sion to use aspect oriented or object oriented refactoring for removing bad smells from
code. In the proposed classification approach, semantic information as type and location
is added to code clones. The metric DIST is proposed in their study for classification.
The range of DIST metric is categorized into three categories varying from ‘0’ to ‘1’.
The value of DIST < 0.3 specifies that clone classes are equivalent to each other, 0.6 <
DIST < 1.0 indicates scattered code clones and 0.3 < DIST < 0.6 indicates refactoring
candidates.

Yokomori et al. [150] investigated the impact of refactoring activities on compo-
nent relationships of two large projects. In their findings they indicated that aspect
oriented refactoring is successful for modularity of code. They measured two kinds of
relationships as wuse relation and clone relation between components. The use rela-
tion component graph is shown as a digraph while clone relation is represented as an

undirected graph. Code clone relations are calculated using CCFinder [1].

2.2.9.4 Code Clone Analysis

Code clone analysis is the extraction of code clone fragments which can be refactored
easily. In some studies cloning patterns are also evaluated in this domain.

Higo et al. [151] proposed the tool Aries to support refactoring of code clones. Met-
ric graph view is used to identify and filter clone sets. The metric view graph uses
the metrics as average length, number of code fragments, number of tokens removed,

number of referred variables and number of assigned variables. Clone pairs are detected

47



using CCFinder [1]. In another study [131] simultaneous modification support method
is proposed to maintain consistency among code clones. They proposed the tool as
Libra that finds number of code clones suitable for refactoring in open source software
systems.

Basit et al. [152] conducted study of code clones in STL. The Standard Template Li-
brary (STL) is the collection of containers, algorithms, iterators, functions and adapters.
CCFinder [1] is used to analyze patterns of simple code clones in STL. Experimental
studies revealed that extensive amount of clones are found in the associative containers
and adapters, while few numbers of clones are found in algorithms. They unified code
clones in STL using a clone free representation that is supported by XML-based variant
configuration language.

Jarzabek and Li [153] presented mixed-strategy approach that analyzes similar pat-
terns in Java Buffer Library JDK 1.5. In this study, buffer classes are build and main-
tained using generative programming technique of XMIL-based variant configuration
language (XVCL).

Tairas et al. [154][155][156] developed CeDAR (clone detection, analysis and refac-
toring) tool as an Eclipse plug-in that represents the location of code clones and also
extend the refactoring capabilities of Eclipse, that allows simultaneous refactoring of
code clone groups. It can parse the output of many clone detection tools at a single
platform. The refactoring capabilities of CeDAR is extended by allowing more types of
parameterized clones in a centralized manner.

Tairas and Gray [157] detected associations between clone classes for maintenance
of code clones. An information retrieval technique as Latent Semantic Indexing (LSI)
is used to cluster clone classes that have been detected initially by code clone detection
tool. In their empirical evaluation, code clones are analyzed in Microsoft Windows NT

kernel source code.
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Tiarks et al. [158] suggested an improvement to be made in Type 3 clone detectors.
In their findings they found that only 25% of Type 3 clones are detected correctly by
code clone detectors. In their work, decision tree based algorithm is used to differentiate
real clones from false positives.

Li et al. [96] proposed a hybrid approach to detect code clones in Erlang programs.
They integrated clone detector and refactoring in Wrangler by removing code clones from
Erlang programs. Wrangler is a tool that supports code refactoring in Erlang programs.
Further, in another study code clones are detected and refactored for Haskell programs
[159]. A framework as Haskell Refactorer (HaRe) is presented to detect and refactor
Haskell programs. It works over an abstract syntax tree representation of Haskell pro-
gram.

Shawky and Ali [160] proposed an approach for evaluating the similarity metrics
used in metric based code clone detection. They assessed the set of metrics that are
best suited for similarity prediction in context of code clone detection. In their findings,
they found that in metric based clone detection approach precision can be increased by
choosing an optimal sequence of metric vectors.

Krinke et al. [161] presented an approach to classify code clones of a clone pair into
original and copied by extracting information from centralized version control system
(CVS). Code clones are classified into three classes as identical, copied and unclassifi-
able. The levenshtein edit distances are calculated between different versions of a source
code file for classification. In this study, small tolerances like few number of lines of code
clones may be ignored for the purpose of classification.

Tairas et al. [162] represented code clone groups in a localized way such that the
information about each clone in a clone group can be viewed at a single location to
support refactoring. It is implemented as a part of CeDAR (clone detection, analysis

and refactoring) tool [151]. An abstract syntax tree (AST) representation is used to
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trace similarities and parameterized differences between clones in a clone group.

Choi et al. [163] proposed a filtering approach to extract code clones from source
code for refactoring activity. Gemini provides quantitative information on clone sets
through clone metrics to software developers. Clone sets are extracted using combina-
tion of clone metrics as average length of token sequences, ratio of non repeated token
sequences and population.

Basit et al. [21][91][33] analyzed higher level similarity patterns in program files
using structural clones. Structural clone shows bigger picture of simple clones and are
created by finding recurring patterns of simple clones using frequent item set mining
technique. In this study they analyzed the benefits of simple clones from structural
clone perspective. Clone Miner is used to find simple code clones. In their finding they
analyzed that nearly 50% of simple clones were the part of structural clones in 11 open
source subject systems. The analysis of high level similarities through structural clones
helps in refactoring, recovery and understanding of software systems.

Kanwal et al. [164] analyzed refactoring patterns in code clones during software
evolution. They carried their empirical study on different versions of five open source
Java systems. In this study they focused on the frequency of code clone refactoring
in software. CloneMiner [91] is used to detect code clones among different versions of
software system and Ref-finder [165] is used to extract useful refactoring patterns. In
their findings they found that 40% of code clones that belongs to same clone class are
refactored consistently. Moreover, it is found in their study that software developers are

worried about the quality of a software system during software evolution.
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2.3 Summary

Code clone detection is an active area of research and used for maintenance of code in
a software system. This chapter provides the complete taxonomy of existing code clone
detection approaches along with the concerns of code clone management. Code clone
management is an umbrella activity that covers all concerns related to code cloning.
Also, a detailed discussion with comparative analysis of semantic code clone detection
techniques is provided with respect to various parameters. In this chapter, we have also
covered other key concerns related to code cloning as code clone analysis, code clone
visualization, code clones in websites, code clones in cross cutting concerns, impact of
code clones on software quality and code clone evolution.

Summarizing the existing studies on code clone evolution, there are two basic studies
based on revision level and at release level. These studies focus on detecting code clones
in multiple versions of a program. It is found in both the studies that code clone
genealogy exists in a software system. Moreover, each section is described with various
code clone detection techniques with their advantages and disadvantages over the others.
The analysis provided for various presented proposals also provides parameters to select

one of the schemes with respect to its qualities over the others.
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CHAPTER 3

Semantic Code Clones

Over the last few years, code clone detection is an integral part of software main-
tenance. Lot of advances in information and communication technologies have led to
evolution of Internet of Things. The Internet of Things (IoT) is the network of objects
embedded with software, sensors and network connectivity that enable these objects to
collect and exchange data [166]. The software engineering community is not an excep-
tion, and the challenge is even more with the evolution of Internet of Things. Knowledge
extraction from sensed raw data and analysis of source code from existing software re-
sources that are embedded in Internet of Things will further enrich IoT with lot of
information [167].

During this era, numerous code clone detection techniques have been presented.
Copying code segments and then reuse these segments by pasting with or without up-
dations are common activities in software development [1]. As evident from literature
survey, most of the existing techniques for finding semantically equivalent code frag-
ments require PDG. Semantic code clones are detected using sub graph isomorphism on
PDG’s that is NP-complete and returns approximate solutions. Semantic code clones
are functionally and logically equivalent code fragments. These code clone fragments
can be used to re-engineer the software objects.

In this chapter, a semantic oriented code clone detection approach is proposed. This
approach eliminates the effect of statement reordering, inversion of control statements

and insertion of irrelevant statements in a program by using reaching definition and

52



liveness analysis. Reaching definition and liveness analysis are formal methods of pro-
gram analysis and are used to carry data flow analysis. Reaching definition analysis
outputs set of definitions that remain live at the start or end of the statement and
liveness analysis is used to eliminate irrelevant insertions form source code fragments.*
An efficient semantic code clone detection algorithm based on reaching definition and
liveness analysis is proposed in this chapter for extraction of semantically equivalent

clone pairs. Moreover, code clone pairs are clustered into clone groups in next chapter.

3.1 Semantic Code Clone Detection

This section introduces the problem of semantic code cloning and techniques used
in proposed semantic code clone detection approach. As per literature review, there
are numerous approaches to detect code clones in a software system. Most of the
semantic code clone detection techniques are unable to provide a heuristic solution to
solve the issues like statements reordering, inversion of control predicates and insertion
of irrelevant statements. To address these issues, the proposed research work includes

design and implementation of semantic code clone detection technique in this chapter.

3.1.1 Tokenization

Tokenization or lexical analysis is the process of converting a string or sequence of
characters into a sequence of tokens or lexeme. JastAdd [168] specification is used for

tokenization of Java source code. Tokenization consists of different types of tokens as

'The contents of this chapter are published as per following details:

¢ Rajkumar Tekchandani, Rajesh Bhatia, Maninder Singh, “Semantic code clone detection for
Internet of Things applications using reaching definition and liveness analysis”, The Journal of
Supercomputing, pp. 1-28, Springer, IF 1.326, August 2016.
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Keywords, Numerals or literals, Separators, Identifiers and Errors. A ‘Numeral” starts
with one or more digits followed by a point and one or more digits. An ‘Operator’
consists of the set of operator tokens.

A ‘Separator’ consists of set of separator tokens. An ‘Identifier’ consisting of one or
more letters. The last pattern ‘Error’ is used to match any characters not appearing
with in the brackets. This will prevent the scanner from throwing an exception for
unrecognized tokens and makes the parser simpler. The ‘Skip’ specification just lists
the characters that will be skipped during scanning and tokens will not be generated
for them. It ignores the characters like whitespace, tab (\t), newline (\n) and carriage

return (\r) in the given source code.

3.1.2 Parsing

Parsing or syntactic analysis is the process of analyzing the string of symbols in
the form of abstract syntax trees. The abstract syntax tree (AST) of the given source
code is generated with the help of parser. It consists of non-terminals and terminals.
Root node and intermediate nodes are termed as non-terminals and leaf nodes are the
terminal nodes of the AST. When AST is traversed in preorder traversal the statements
of the source code are ordered in the same sequence as in the original source code [27].
With the rules defined in JastAdd grammar [168] source code of the program is parsed

and AST’s are generated for given source code.

3.1.3 Control Flow Analysis

Control flow graphs (CFG’s) are used to obtain the control dependency between the
nodes of the graph that is useful for generating the semantic information about the

source code.
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Definition 1 (Control Dependency) [169]: There exists a control dependency between

‘Vi7 to V4, if the following conditions get satisfied

e 1] is a conditional predicate, and the result of ‘V;’ directly influences the execution

of ‘V4’ i.e., whether ‘V5” will execute or not depends upon ‘V;’.

Control flow analysis is done on CFG’s that are generated corresponding to the source
code. We have used Eclipse IDE plug-in as control flow graph factory [169] for the

generation of CFG’s.

3.1.4 Data Flow Analysis

Data Flow Analysis derives the information about the flow of data along program
execution paths. The execution path from point ‘p;’” to ‘p,’ is a sequence of points py,
P2, ... pp such that for eachi =1, 2, 3, .... n — 1, ‘p;” is the point immediately preceding
a statement and ‘p;y;’ is the point immediately following that same statement, or ‘p;’
is the end of some block and ‘p;; 1’ is the beginning of a successor block.

Definition 2 (Data Dependency) [170]: There is a data dependency from element ‘1’

to ‘V5’, via variable ‘X’, if the following conditions get satisfied

e V)’ defines ‘X’ ( IdDecl of X ), ‘V5’ references ‘X’ ( IdUse of X), and there is at

least one execution path from ‘V;’ to ‘V,” without redefining ‘X’.

Semantic analysis typically consists of data flow analysis, to bind uses of identifiers to
their declarations. During data flow analysis two AST classes as ‘IdDecl’” and ‘Iduse’
are used, where ‘IdDecl’” is an identifier that names a declaration and ‘IdUse’ refers to

a declaration.
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3.2 Semantic Code Clone Detection Approach

In our approach, we have considered semantically equivalent source codes as set S
= {S1, S, S3, S4} in Table 3.1, where S; — Original Source Code, Sy — Code with
statement reordering, S3 — Code with inversion of control statements and S; — Code
with insertion of irrelevant statements. Figure 3.1 shows proposed semantic code clone

detection approach.

. K JastAdd
Tokenization _W, Parser \

Control Flow Data Flow
Analysis Anaysis

Semantic
Code Clones

Figure 3.1: Proposed semantic code clone detection approach.

e Token sequences have been generated for each source code Sy, S5, S3 and Sy for

input to parser.
e Parsing is done to create AST’s as ASTs,, ASTs,, ASTs, and ASTg,.

e Control flow graph (CFG’s) are generated as CFGg,, CFGg,, CFGg, and CFGg,

for control flow analysis.

e Data flow analysis at AST level is done using reaching definition and liveness

analysis on CFG’s for Sy, Sy, S3 and Sy.

e Finally, after data flow analysis semantic code clones are detected.

In Table 3.1:

e S, differs from S; by reversing the order of statements in line number 8 and 9 in

block B2 of S5.
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Table 3.1: Source code S1,59,53,54 with different syntactic structures.

(a) Original Source Code (5))

(b)Code with Statement Reordering(.Sy)

1.public class S1{ 1.public class S2{

2.public static void main(String[] args){| 2.public static void main(String [] args){
3.d1: int i=1; | 3.dl:int k=0; |

4.d2: int j=16;|Block Bl 4.d2:int j=16; | Block B1

5.d3: int k=0; | 5.d3:int i=1; |

6.while (i < 8) 6.while (i < 8)

7.{ 7.{

8.d4: k =k + 1;] Block B2 8.d4:j = j — 1; | Block B2

9.d5: i =13 - 1] 9.d5:k =k + 1; |

10.if (j <= 16) 10.if (j <= 16)

11.d6: k = 1;| Block B3 11.d6:k = 1; | Block B3

12.else 12.else

13.d7: j = 6;] Block B4 13.d7:j = 6; | Block B4

14.d8:i =1 + 1; | Block B5 14.d8:i = 1 + 1;| Block B5

15.1 15.1

16.System.out. println ("i:"+i); 16.System.out. println ("i:"+i);
17.System.out. println ("j:"+j); 17.System.out. println ("j:"+j);
18.System.out.println ("k:"+k); 18.System.out.println ("k:"+k);
19.} 19.}

20.1 20.1

Output of S1 : i =8, j =9, k=1 Output of S2 : i 8, j =9, k=1
(c) Code with Inversion of Control | (d) Code with Insertion of Irrelevant

Predicate (53)

Statement (.S,)

1.public class S3{

2.public static void main(String[] args){
3.d1l: int j=16;]

4.d2: int k=0; | Block BI1
5.d3: int i=1; |

6.while (i < 8)

7.4

8.d4:k = k + 1;| Block B2
9.d5:j = j — 1;]

10.if (j >= 16)

11.d6:j = 6; | Block B3
12.else

13.d7:k = 1; | Block B4
14.d8:1 =1 + 1; | Block B5
15.}
16.System.out. println ("i:"+i);
17.System.out.println ("j:"+j);
18.System.out. println ("k:"+k);
19.}

20.}

Output of S3 i=8,j =09,k

1.public class S4{

2.public static void main(String[] args){
3.d1: int i=1; |

4.d2: int j=16;] Block Bl
5.d3: int k=0; |

6.d4: int 1=5; |

7.while (i < 8)

8.{

9. d5:k = k + 1;] Block B2
10.d6:j = j — 1:]

11.if (j <= 16)

12.d7:k = 1; | Block B3
13.else

14.d8:j = 6; | Block B4
15.d9:i = i + 1;| Block B5
16.}
17.System.out. println ("i:"+i);
18.System.out. println ("j:"+j);
19.System.out. println ("k:"+k);
20.1}

21.}

Output of S4 : i 8, =9,k=1
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e 53 differs from S by inversion of control or branch predicate in line number 10 in

Ss.

e S, differs from S; by insertion of irrelevant statement at line number 6 in block

B1 of 84 .

e All differs in their syntactic structures but having the same semantics.

3.3 Algorithm Description

In this section, detailed description of proposed algorithm (section 3.3.1) is presented
for detection of semantic code clone pairs. In algorithm 1, semantic code clone pairs are
found by calling reaching definition analysis (section 3.3.2) and liveness analysis (section

3.3.3).

3.3.1 Semantic Code Clone Detection

In algorithm 1, reaching definitions have been calculated for all the sub-blocks (Bj)
of program S;. The values of reaching definition for S; and S(;41) are compared for
finding reordered clone pairs. If both the values of reaching definition are equivalent
then these sub-blocks in source code S; and Sy are semantically equivalent code
fragments. Further, semantic clone pairs (ClonePairy,ClonePair,, ...,.ClonePair,,) are
detected using liveness analysis. If (3 k ¢ (in[k] || out[k])), then statement ‘k’ is an
irrelevant statement. A refactored program (S;') is retrieved after eliminating irrelevant
statements from original source code S;. Finally, the output of original program S; is
compared with refactored program S;. If the output of S; and S;’ generates the same
semantic meaning, then both have same data flow paths and is returned as semantic

clone pair (S;,5;").
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Algorithm 1: Semantic code clone detection

Input : Program(S;), where {i := 1, 2, 3...,m}, Block B € S;, in[B] € S;, B :=
{Bj |j:=1,2,3..n} and statement k € S;
Output: Semantic Code Clone Fragments: ClonePairy, ClonePair,, ....
,ClonePair,,
for i := 1 to m do
for V B € S; do
for V Bj € B do
call reaching definition analysis(kill[Bj],gen[Bj]);
out[Bj.S;];
end
end

end
for i := 1 to m do
for V B € S; do
for V Bj € B do
if out[Bj.S;] = out[Bj.S(;41)/] then
‘ ClonePair;(Bj.S;, Bj.Sqi41));
end
for V statement k € Bj do
call liveness analysis(succ[k],use[k],def[k]);
fetch line number of statement k of Bj such that k ¢ (in[k] || out[k]);
if 3 k¢ (infk] || out/k]) then
statement £ is a dead code;
after elimination of k;
SZ'/ = Sz - k;

end

end

end
end

end

for i := 1 to m do

for V S; do
if output[S;'] == output[S;] then
‘ ClonePair;(S;,5;);
end

end

end
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3.3.2 Reaching Definition Analysis

Reaching definition analysis outputs the set of definitions that remain live at the
start or end of statement or set of statements included inside the block. We define four
sets as: In, Out, Gen and Kill for reaching definition analysis. In[s|B] and Out[s|B]
are the data flow values before and after each statement ‘s’ or set of statements enclosed
inside the block ‘B’. Gen[s|B] and Kill[s|B] are constants. These are the attributes
that are created at a node for a particular statement ‘s’ or set of statements enclosed
inside the block ‘B’ and are computed before data flow analysis. Gen[s|B] is the set
of definitions “generated by s|B”, that are visible immediately after ‘s|B’. Kill[s|B] is
the union of the definitions in all ‘s|B’ of the flow graph that are killed by individual
statements in ‘s|B’ [170].

Definition 3 Let D, is the set of definitions for variable ‘z” and ‘d’ is the only definition

of variable ‘z’ that will reach at the end of ‘s|B’ i.e., Gen[s|B] = d, then
kill[s| B] = D. — {d} or kill[s|B] = D.( ){d}* (3.1)

Definition 4 The set in[s|B] is defined as the set of definitions reaching at the beginning
of ‘s|B’, provided the flow of control passes through the entire program and similarly,

out[s|B] is the set of definitions reaching at the end of the ‘s|B’.

in[s|B] = U out[p] (3.2)

pEpredecessorof[s|B]

out[s|B] = gen[s|B] U (in[s| B] — kill[s|B]) (3.3)
out[s|B] = gen[s|B] U (in[s| B] N kill[s| B]) (3.4)
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Definition 5 Let B is the block containing ‘x1’ and ‘x2’ as sequential statements then

[170]
gen[B] = gen[x2] U (gen[z1] — kill[22]) (3.5)

kill[B] = kill[z2] U (kill[x1] — gen[z2]) (3.6)
Figure 3.2 shows the control flow graph for the source code shown in S; (Table 3.1(a)),

e

B1.S1:
dl:i=1;
d2:j=16;
d3:k=0;

False

while (i<8)
\4
{ Exit ;
B2.S1:
dd:k=k+1
ds:j=j-1;
A 4
B3.S1: ese
d6: k =1; B4.S1:
d7:j=6;
» B5.S1:
d8:i=i+1;

Figure 3.2: Control flow graph for S;, Table 3.1(a).

which shows execution of while looping construct. The generation and kill sets for source

code S; are represented with bit values as ‘0’ and ‘1’ for definitions ‘d1’ to ‘d8” in Figure
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3.3. The advantage of using bit vector representation for set of definitions is that the set
operations on bit vectors can be implemented efficiently. In Figure 3.3, gen[d1,d2| and
kill[d1,d2] are calculated for definitions ‘d1” and ‘d2’ (Table 3.1(a)) of S; in following

sequence of steps using definition 5.

gen|d1] = 10000000 (3.7)

gen|d2] = 01000000 (3.8)

kill [d1] = all possible definitions of variable ‘i’ in Figure 3.2 — current definition of ‘i’
= kill [d1] = 1000 0001 — 1000 0000
= 1000 0001 N 1000 0000¢, where ‘c’ is binary complement
= 1000 0001 N 0111 1111
= 0000 0001.
kill[d1] = 00000001 (3.9)

kill [d2] = all possible definitions of variable ‘j” in Figure 3.2 — current definition of j’
kill [d2] = 0100 1010 — 0100 0000
= 0100 1010 N 0100 0000¢, where ‘c’ is binary complement
= 0100 1010 N 1011 1111
= 0000 1010.
kill[d2] = 00001010 (3.10)

gen[dl, d2] = gen[d2] U (gen[d1] — kill[d2]) (3.11)

= gen[d1,d2] = gen[d2] U (gen[d1] N kill[d2]¢), where ‘¢’ is binary complement
Substituting (3.7), (3.8) and (3.10) in (3.11)

= 0100 0000 U (1000 0000 — 0000 1010 )

= 0100 0000 U (1000 0000 N 0000 1010°), where ‘¢’ is binary complement
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Algorithm 2: Reaching Definition and Liveness Analysis

Input : A program[p], control flow graph having kill[B], gen[B], succli|, usel[i]
and def[i], i € statement, Block B := {b; | k =1, 2, 3..., n}

Output: in[B] and out[B|

initially in[B] := ;

for V block B do

reaching definition analysis(kill[B], gen[B])

out[B] := gen[B], flag = true;

while flag do

for V block B do

in[B] := Upepred of s0ut[pl;

previous out := out[B];

out[B] := gen[B] U(in[B] N kill[ B]°);

if out/B] # previous out then

‘ flag := true;
else
‘ flag := false;
end
end
end

liveness analysis(succli], use[i], def[i]) for V statement i € B do
initially out[i] := in[i] := 0, flag := true;

while flag do

flag := false;

for V statement i € B do

oldout := outl[i];

outi] := U{inlj] | j € succli]};

oldin := inliJ;

infi] := useli] U(out[i] — def[i]);

if outfi] # oldout €€ infi] # oldin then
‘ flag := true;

else
‘ flag := false;

end

end
end
end

end

= 0100 0000 U (1000 0000 N 1111 0101)
= (0100 0000 U 1000 0000 = 1100 0000.
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gen[d1-d8]=0001 1111
kill{d1-d8]=1110 0000

gend1,d2,d3]=1110 0000 /

gen[d1,d2]=1100 0000
killjd1,d2]=0000 1011

gen[d2]=0100 0000
ill]d2]=0000 1010

gen[d1] = 1000 0000
ill[d1] = 0000 0001

gen[d3]=0010 0000
Kill[d3]=0001 0100
gen[while]=0001 1111 while loop

killwhile]=1110 0000 \

gen[d4,d5,if-else,d8]=0001 1111 el

ill[d4,d5,if-else,d8]=1110 0000

gen[d4,d5,if-else,d8]=0001 1110
kill[d4,d5,if-else]=0110 0000
= 1
gen[d4,d5]=0001 1000/ 4en[d8]=0000 000
kill[d4,d5]=0110 0110 \ kill[d8]=1000 0000

If-else gen[if-else]=0000 0110
gen[d4]=0001 0000 gen[d5]=0000 1000 kill[if-else]=0000 0000
kill[d4]=00100100 kill[d5]=0100 0010
e2 gen[d6]=0000 1000 gen[d7]=0000 0010
kill[d6]=0011 0000 kill[d7]=0100 1000

Figure 3.3: The gen and kill sets for definitions d1-d8 at nodes in abstract syntax tree
of Sy (Table 3.1(a)).

Table 3.2: Computation of in and out for B..S;.

Statement ‘ Initial Pass 1 Pass 2
Block in[B.S;] | out[B.5] | in[B.S;] | out[B.S;] |in[B.S;] | out[B.S]
B.S;

B1.5; 0000 0000 | 1110 0000 | 0000 0000 | 1110 0000 | 0000 0000 | 1110 0000
B2.5; 0000 0000 | 0001 1000 | 1110 0111 | 1001 1001 | 1111 1111 | 1001 1001
B3.5; 0000 0000 | 0000 0100 | 1001 1001 | 1000 1101 | 1001 1001 | 1000 1101
B4.5; 0000 0000 | 0000 0010 | 1001 1001 | 1001 0011 | 1001 1001 | 1001 OO11
B5.5; 0000 0000 | 0000 0001 | 1001 1111 | 0001 1111 | 1001 1111 | 0001 1111

= gen[d1,d2] = 1100 0000.

It represents that the definitions ‘d1” and ‘d2’ are generated in gen|d1,d2] as shown in
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Figure 3.3. Further,

killld1,d2] = kill[d2] U (kill[d1] — gen[d2]) (3.12)

Substituting (3.8), (3.9) and (3.10) in (3.12)

= 0000 1010 U (0000 0001 — 0100 0000)

= 0000 1010 U (0000 0001 N 0100 0000°), where ‘¢’ is binary complement

= 0000 1010 U (0000 0001 N 1011 1111)

=- 0000 1010 U 0000 0001 =- 0000 1011.

= kill[d1,d2] = 0000 1011.

In Figure 3.3, value of kill[d1,d2] = 0000 1011, represents that the definitions ‘d5’,
‘d7” and ‘d8” have not been defined at this program point, because ‘d1’ and ‘d2” have
been already generated at this program point. Similarly, all the other definitions are
generated in AST representation for S; (Table 3.1(a)) as shown in Figure 3.3.

Definition 6 Let if block is represented by ‘x1’ and else block by ‘x2’ then

genlif-else] = gen[z1] U gen[z2] (3.13)

kill[if-else] = kill[x1] N kill[x2] (3.14)

The gen [if-else] in Figure 3.3 is calculated using Eq.3.13 of definition 6.
= gen[d6] = gen][if] and gen[d7] = genlelse]

= gen|if] = 0000 0100 and gen[else] = 0000 0010

= gen|[if-else] = genlif] U gen|else]

= genlif-else|] = gen[if] U gen[else]

= 0000 0100 U 0000 0010

= 0000 0110.

The gen|[if-else] = 0000 0110 represents that definitions ‘d6’ and ‘d7” are generated as
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gen[d1-d8] = 0001 1111
killld1-d8] = 1110 0000

gen[d1,d2,d3] = 1110 0000 /

killfd1,d2,d3] = 0001 1111

gen[d1,d2] = 1700 0000
Kill[d1,d2] = 0001 1110

gen[d3] = 0010 0000

gen [d1] = 1000 0000 gen[d2] = 0100 0000 gen[while] = 0001 1111
Kill[d1] = 0000 1100 kill[d2] = 0001 0010 kill[d3] = 0000 0001 Killwhile] = 1110 0000

while Ioop

gen[d4,d5,if-else,d8] = 0001 111
kill[d4,d5,if-else,d8] = 1110 0000

gen[d4,ds,if-else] = 0001 1110 /
gen[dB] 0000 0001
kill{d4,d5,if-else] = 11&0000 Wil[d8] = 0010 0000
gen[d4,dS] = 0001 1000
kill[d4,dS] = 1100 0110 felse  genlif - else] = 0000 0110
Kill[if - else] = 0000 0000
gen[d4] = 0001 0000 gen[d5] = 0000 1000 /

kill[d4] = 0100 0010 kill[d5] = 1000 0100 5

gen[d6] = 0000 0100 gen[d7] = 0000 0010
kill[d6] = 1000 1000 kill[d7] = 0101 0000

Figure 3.4: The gen and kill sets for definitions d1-d8 at nodes in abstract syntax tree
of Sy (Table 3.1(b)).

Table 3.3: Computation of in and out of B..S,.

Statement ‘ Initial ‘ Pass 1 ‘ Pass 2 ‘
Block in[B.S,] out[B.S5;] | in[B.S;] | out[B.S;] | in[B.S,] out[B.5S;]
B.S,

B1.S5, 0000 0000 | 1110 0000 | 0000 0000 | 1110 0OOO | OOOO 0000 | 1110 0000
B2.5, 0000 0000 | 0001 1000 | 1110 0111 | 0011 1001 | 1111 1111 | 0O11 1001
B3.5, 0000 0000 | 0000 0100 | 0011 1001 | 0011 0101 | 0011 1001 | 0011 0101
B4.5, 0000 0000 | 0000 0010 | 0011 1001 | 0010 1011 | OO11 1001 | O0O10 1011
B5.5, 0000 0000 | 0000 0001 | 0011 1111 | 00O1 1111 | 0011 1111 | 0001 1111

shown in AST of Figure 3.3.

Similarly, The kill[if-else] is calculated using Eq.3.14 of definition 6.
= kill[d6] = kill[if] and kill[d7] = kill[else]

= kill[if] = 0011 0000 and kill[else] = 0100 1000

= kill[if-else] = kill[if] N kill[else]
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= 0011 0000 N 0100 1000

= 0000 0000.

The input to algorithm 2, for reaching definition is source code S;, CFG having kill[B]
and gen[B]. Reaching definition analysis function in algorithm 2, computes the two
equations as in[B] and out[B]. Initially values of in[B] is equal to ‘¢’, out[B] is equal
to gen[B] and flag is set to true. The value of flag remains true until the old value of
out[B] is not equal to new value of out[B]. The while loop in algorithm 2, for reaching

definition analysis will terminate when the value of flag becomes false.
gen[d1,d2,d3] = 1110 0000 /
killfd1,d2,d3] = 0001 1111

gen[d1,d2] = 1100 0000
kiII[dl,dZ]:})l 1110

gen[d3] = 0010 0000
kill[d3] = 0000 0001

gen[d1-d8] = 0001 1111
kill[d1-d8] = 1110 0000

gen[d1] = 1000 0000 gen[d2] = 0100 0000
kill[d1] = 0000 1100 kill[d2] = 0001 0010

gen[while] = 0001 1111 while loop

killjwhile] = 1110 0000 \

gen[d4,d5,if - else,d8] = 0001 1111 el

ill[d4,d5,if - else,d8] = 1110 0000 /
gen[d4,dS,if - else] = 0001 1110 /
kill[d4,d5,if - else] = 1100 0000

gen[d8] = 0000 0001

gen[d4,d5] = 0001 1000 kill[dg] = 0010 0000
kill[d4,d5] = 1100 0110
/ If-else gen([if — else] = 0000 0110
Kill[if - else] =
gen[d4] = 0001 0000 gen[ds] = 0000 1000 \ it - else] = 0000 0000
Kill{d4] = 0100 0010 kill[d5] = 1000 0100 , 61 5300 0100 gen[d7] = 0000 0010
= 1
© Eiﬁ[:l[fs] ]_ 1000 1000 kill[d7] = 0101 0000

Figure 3.5: The gen and kill sets for definitions d1-d8 at nodes in abstract syntax tree
of S5 (Table 3.1(c)).

The generation and kill sets for S7, Sy, S3, and S, are calculated in Figure 3.3, 3.4, 3.5
and 3.6 respectively. Further, after calculating the values of all the nodes of AST with

their corresponding generation and kill sets, values of in and out sets are calculated
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Table 3.4: Computation of in and out of B.Ss.

Statement ‘ Initial Pass 1 Pass 2
Block in[B.Ss] out[B.S3] | in[B.S;] | out[B.S;] | in[B.S;] out[B.Ss]
B.S;

B1.5;5 0000 0000 | 1110 0000 | 0000 0000 | 1110 0000 | 0000 0000 | 1110 0000
B2.55 0000 0000 | 0001 1000 | 1110 0111 | 0011 1001 | 1111 1111 | O0O11 1001
B3.5; 0000 0000 | 0000 0100 | 0011 1001 | 0011 0101 | 0011 1001 | 0011 0101
B4.55 0000 0000 | 0000 0010 | 0011 1001 | 0010 1011 | 0011 1001 | 0010 1011
B5.55 0000 0000 | 0000 0001 | 0011 1111 | 0001 1111 | 0011 1111 | 0001 1111

using definition 4, for Bj.S;, Bj.Ss, Bj.S3, and Bj.S; where j € {1,2...,5} as shown in
Table 3.2, 3.3, 3.4 and 3.5 respectively. For example, in and out sets of B2.S; (Figure

3.2) are calculated using definition 4 as follows,

out[B2.51] = gen[B2.51] U (in|B2.5,] — kill[B2.5]) (3.15)

In Figure 3.2, Block B1.5; = {d1,d2,d3}, B2.5; = {d4,d5}, B3.5; = {d6}, B4.5; =
{d7} and B5.S; = {d8}. Initially, in[Bj.S] = ¢ and out[Bj.S;] = gen|[Bj.S;], where j
€ {1,2...,5}. To find out[B2.5}], i.e., the set of definitions reaching at the end of block
B2.51, we have to find the set of definitions reaching at the beginning of B2.5j, i.e.,
in[B2.5].

Using Eq. 3.2, we get in[B2.5] in pass 1 of Table 3.2 as follows.

in[B2.51] p,.; = out[B1.S1] U out[B3.5] U out[B4.5,] U out[B5.5] (3.16)

Initially in Table 3.2, out[B1.S;] = gen[B1.5;], out[B3.5;] = gen[B3.5;], out[B4.5] =
gen[B4.5;] and out[B5.5;] = gen[B5.5]]

= in[B2.5;] = gen[B1.51] U gen[B3.5;] U gen[B4.51] U gen[B5.5]

= gen[d1,d2,d3] U gen[d6] U gen[d7] U gen[d§]
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Taking the values of gen[d1,d2,d3], gen[d6], gen[d7] and gen[d8] from AST in Figure 3.3

and then substituting these in Eq.(3.16), we get in[B2.51] 5,4 as:
= 1110 0000 U 0000 0100 U 0000 0010 U 0000 0001

= 1110 0111.

= in[B2.51] p,.; = 1110 0111 represents ‘d1’, ‘d2’, ‘d3’, ‘d6’, ‘d7’ and ‘d8’ are the set of
definitions that are reached at the start of block B2.S5;. The set of definitions ‘d4’ and
‘d5” have not reached at the beginning of B2.S;, because these are generated in block
B2.5;.

From AST in Figure 3.3, we get

gen[B2.9;] = gen[d4,d5] = 0001 1000 and kill[B2.5;] = kill[d4,d5] = 0110 0110.
Substituting the values of gen[B2.51], kill[B2.S5;] and in[B2.5;] in Eq. 3.15, out[B2.51] pass1
is obtained as follows.

= 0001 1000 U (1110 0111 — 0110 0110)

= 0001 1000 U (1110 0111 N 0110 0110°), where ‘¢’ is binary complement

= 0001 1000 U (1110 0111 N 1001 1001)

= 0001 1000 U 1000 0001

= 1001 1001.

= out[B2.5)] pass1 = 1001 1001.

Further, in Pass 2 of Table 3.2:

Again in and out sets for block B2.S5; are calculated iteratively, until the same value of
out[B2.5;] is found. If the value of out[B2.5;] in pass 1 is equal to out[B2.5;] in pass
2, then algorithm 2 terminates. In pass 2, values generated from pass 1 for in and out
sets are used, which can be retrieved from pass 1 in Table 3.2.

m[B2Sl] 9 = OUt[Bl.Sl]passl U Out[B?).Sl]passl U Out{Bll.Sl]passl U OUt[BE).Sl]passl

Pass

= 1110 0000 U 1000 1101 U 1001 0011 U 0001 1111

= 1111 1111.
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gen[d1,d2,d3,d4] = 11110 0000
kill[d1,d2,d3,d4] = 00001 1111

gen[d1,d2,d3] = 1110 0000
killjd1,d2,d3] = 0001 1111

gen[d1,d2] = 11000 0000
kill[d1,d2] = 00000 1011

gen[d1] = 10000 0000
ill[d1] = 00000 0001

\

gen[d2] = 01000 0000
killfd2] = 00000 1010

gen[d5] = 01000 0010
kill[d5] = 00100 0100

gen[d5,d6,if — else,d9] = 00001 1111

gen[d3] = 00100 0000
kill[d3] = 00001 0100

gen[d4] = 00010 0000
kill{d4] = 00000 0000

/

kill[d5,d6,if - else,d9] = 11100 0000

gen[d5,ds,if - else] = 01100 0000 /

kill[d5,d6,if — else] = 00001 1110

gen[d5,d6] = 00001 1000 /
kill[d5,d6] = 01100 0110 \

gen[d6] = 00000 1000
kill[d6] = 01000 0010

gen([if — else = 00000 0110
kill[if - else] = 00000 0000

gen[d1 - d9] = 00011 1111
kill[d1 - d9] = 11100 0000

while loop

AN

e2

gen[d9] = 00000 0001
kill{d9] = 10000 0000

el gen[d7] = 00000 0100 gen[d8] = 0000 0010

kill[d7] = 00101 0000 kill[d8] = 0101 0000

Figure 3.6: The gen and kill sets for definitions d1-d9 at nodes in abstract syntax tree
of Sy (Table 3.1(d)).

Table 3.5: Computation of in and out of B.S,.

Statement ‘ Initial Pass 1 Pass 2

Block in[B.5,] out[B.S] | in[B.S,] out[B.S] | in[B.S,] out[B.S,]
B.S,

B1.Sy 00000 0000 | 11110 0000 | 00000 0000 | 11110 0000 | 00000 0000 | 11110 0000
B2.S, 00000 0000 | 00001 1000 | 11110 0111 | 10011 1001 | 11111 1111 | 10011 1001
B3.5, 00000 0000 | 00000 0100 | 10011 1001 | 10010 1101 | 10011 1001 | 10010 1101
B4.5, 00000 0000 | 00000 0010 | 10011 1001 | 10011 0011 | 10011 1001 | 10011 0011
B5.5, 00000 0000 | 00000 0001 | 10011 1111 | 00011 1111 | 10011 1111 | 00011 1111

in[B2.51] passs = 1111 1111.
out[B2.51] pass2 = gen[d4,db] U (in[B2.51] passe—kill[d4,d5])
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= 0001 1000 U (1111 1111 — 0110 0110)

= 0001 1000 U (1111 1111 N 01100110¢), where ‘c’ is binary complement

= 0001 1000 U (1111 1111 N 1001 1001) = 0001 1000 U 1001 1001

= 1001 1001.

= out[B2.51]pass2 = 1001 1001 = out[B2.51] passt

= out[B2.51] passe = 0ut[B2.51]passi-

out[B2.5,] = dl =1,d2=0,d3=0,d4=1,d5=1,d6 =0,d7 =0 and d8 = 1.
In out[B2.5;] value of bit vector is 1001 1001 represents that definitions ‘d4” and ‘d5’
have been generated and definitions ‘d1” and ‘d8’ are reached at the end of block B2.5].
Similarly, in Table 3.2 the values of in and out sets for rest of the blocks of source
code Sy are generated in Passy. The values of out[B1.5:], out[B3.51], out[B4.5;] and

out[B5.5] are represented using bit vector notations as follows.

e out[B1.5;] =dl=1,d2=1,d3=1,d4=0,d5=0,d6 =0,d7 =0 and d8 =
0. In out[B1.S5;], the value of bit vector represents that definitions ‘d1’, ‘d2’ and

‘d3” have been generated at the end of Block B1.5].

e out[B3.5] =dl=1,d2=0,d3=0,d4=0,d5=1,d6=1,d7=0and d8 = 1.
In out[B3.5], the value of bit vector represents that definition ‘d6’ is generated
and definitions ‘d1’, ‘d5’ and ‘d8” have been reached at the end of Block B3.5].

e out[B4.5,] =d1=1,d2=0,d3=0,d4=1,d5=0,d6 =0,d7 =1and d8 = 1.
In out[B4.5;], the value of bit vector represents that definition ‘d7’ is generated
and definitions ‘d1’, ‘d4’ and ‘d8 have been reached at the end of Block B4.5].

e out[B5.5;] = d1 =0,d2=0,d3=0,d4d=1,d5=1,d6 =1, d7 = 1 and
d8 = 1. In out[B5.5]], the value of bit vector represents that definition ‘d8’ is
generated and definitions ‘d4’; ‘d5’, ‘d6” and ‘d7’ have been reached at the end of

Block B5.5;.
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Similarly, the set of reaching set definitions have been generated for S, S3 and Sy be-
cause basic constructs will remain same for any length of program and their control
structure will decide structure of the program. We have analyzed looping conditions
with statement reordering, code inversion and insertion of irrelevant statements. In
Table 3.1, Sy represents statement reordering in block B1 between definitions {d1, d2,
d3} and block B2 between definitions {d4, d5} with respect to original source code
represented in S;. Source code S3 represents the change in the blocks B3 and B4 by
inverting the condition of if-else predicate with respect to original source code S;. In
source code Sy, a statement as (d4: 1 = 5) is inserted in block B1 that is not redefined
again in the program, but it may be used at some program point in the source code.

As given in the future scope of Baxter [11], for achieving deep semantic orientation
we have to represent the program with explicit control and data flow dependencies. By
achieving control and data flows explicitly we can find semantically equivalent code frag-
ments that would be insensitive to change in identifier names, statement reordering and
insertion to irrelevant statements. As discussed in related work irrelevant statements,
statement reordering and inverted branch statements are just used to hide code clones
in source code. The data dependencies between various program points in a program
are not affected by these issues.

In algorithm 2, data flow analysis is achieved by the combination of reaching defini-
tion and liveness analysis. Using algorithm 1, we have derived the results of semantic
code clone analysis in section 5.1. The abstract syntax trees with generation and kill
sets for definitions ‘d1’ to ‘d8’ for Sy and S3 have been generated in Figure 3.4 and 3.5.
Similarly, in Figure 3.6 the AST with generation and kill sets for definitions ‘d1’ to ‘d9’
for Sy is generated. It represents the insertion of irrelevant statement as (d4: 1 = 5),

that is further eliminated from source code using liveness analysis.
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3.3.3 Liveness Analysis

Definition 7 A variable ‘x’ is live at some point ‘p’ in the program, if the value
of ‘x” at ‘p’ could be used along some path starting at ‘p” in the flow graph, otherwise
variable ‘x’ is dead at program point ‘p’. For each statement ‘i’ we use two sets to carry
the liveness information as : in[i] and out[i]. The in[i] holds the set of variables that
are live at the start of statement ‘i’ and out[i] holds the set of variables that are live
at the end of statement ‘i’. Let ‘i’ be a statement and succli] is the successor node of

statement ‘i’, then

out[i] = | J inlj] (3.17)
J€Esucc|i]
inli] = useli] U (outi] — def][i]) (3.18)

where useli] is the set of variables whose values may be used in statement ‘i’ prior to
any definition of variable. The defli] is the set of variables that are defined at statement
‘i’, prior to any use of that variable in statement ‘i’ and succl[i] represents successor of

statement ‘i’. Liveness analysis function in algorithm 2, is used for finding the values of

( A

i=0;

j=16

k=0;

=5

label 1oop

k=k+1;

j=i-5

if j <= 16 then body else body 1
. label body

10.k=1;

11. label body1

12.j=6;

13.i=i+1;

14. if i <8 goto label loop else end
15. label end

© 0o N TOMWDNPRE

Figure 3.7: Intermediate code representation of Sj.
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Table 3.6: Liveness analysis of S, using fixed point iteration.

Statement‘ Initialization‘ Iteration 1 ‘ Iteration 2 ‘ Iteration 3 ‘

i out[i] | in[i] out[i] | in[i] | out[i] | in[i] | out[i] | in[i]
15. ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢

14. o} 10) 1) o} k,j, ik j,ilkj,ilk,ji
13. 10) 10) 1 1 k,j, ik j,ilkj,ilk,ji
12. 10) 10} 1 1 k, i k,j,i |k j,ilki
11. ¢ 10) 1 i k,i k, i k, i k, i
10. 10) 10) 1 1 k,j,ilj,i k,j,i|j, 1

9. 10) 10} 1 1 ], 1 J, 1 j, 1 ], 1

8. o} 10) j, 1 j, 1 k,j, ik j,ilkj,ilk,ji
7. 10) 10) J, 1 j, 1 k,j, ik j,ilkji |k ji
6. 10) 10} k,j,i |k j,i|kjilkjilkji]|k,ji
5. o} 10) k,j,i |k j, ik j,ilkjilkjilk,ji
4. 10) 10) k,j,i |k, j, ik j,ilkjilkjilk,ji
3. 10) 10} k,j,ikj,i|kjilji k,j,ilj,1

2. o} 10) j, 1 j, 1 j, 1 i j, 1 1

1. 10) 10) 1 1 1 10) 1 10)

in[i] and out[i] sets for intermediate code representation of S, (Table 3.1(d)), as shown
in Figure 3.7, representing an irrelevant statement at line number 4. In algorithm 2,
input to liveness function is succ[i], use[i] and def[i]. Initially the value of in[i], outl[i] is
‘¢’ and flag is set to true. The while loop in liveness analysis function is executed for
infi] and out[i] sets until the value of flag is true.

We have deduced useli], def[i] and succ|i] using data flow analysis and calculated live-
ness analysis in Table 3.6 from bottom to top using fixed point iteration for statements
‘i = 15" to ‘i = 1’ for intermediate source code of S, shown in Figure 3.7. It is evident
from Table 3.6, that the values of in[i] and outl[i] sets in second iteration are equal to the
values of in[i] and outl[i] sets in third iteration, so the fixed point iteration is attained
for source code Sy.

From the results of liveness analysis in Table 3.6, we have deduced that the decla-
ration (d4: 1 = 5) is not used in any of the future program computations and therefore

it is marked as an irrelevant statement in source code S4. It should be eliminated from

74



Sy. Finally, a refactored program with same semantic meaning is achieved by removing

the irrelevant statement (d4: 1 = 5) from the source code 5.

3.4 Summary

In this chapter, a semantic code clone detection approach based on reaching definition
and liveness analysis is proposed. The proposed approach addresses the key issues
such as statement reordering, inversion of control predicates and insertion of irrelevant
statements. Most of the existing methods of semantic code clone detection are based on
the comparison of program dependence graphs. Further, semantic similarity between
program dependence graphs is achieved through subgraph isomorphism, which is NP-
complete problem. We have computed code clone pairs by carrying out control and data
flow analysis on abstract syntax trees. In this work, we have also designed an algorithm
to carry out semantic analysis of program code fragments using reaching definition
analysis and liveness analysis. We have also detected refactored program fragments that

are syntactically different but semantically equivalent to original program fragments.
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CHAPTER 4

Code Clone Groups

Code clones are not constrained to the single version of program file. Code clones
between two versions of a program file form a code clone pair. The collection of code
clone pairs leads to code clone groups. The development of code clone groups with
time generates history of code clone group, called as code clone genealogy. Code clone
genealogy is to find code clone groups on different versions of program file in a software
system. Code clone genealogies are analyzed on the basis of clone lineages. A clone
lineage is a directed acyclic graph that describes evolution history of code clones in a
program file [26].

Existing code clone genealogy detection approaches are based on centralized version
control system. These approaches are not scalable enough to find code clone groups on
distributed version control system (DVCS). Hence, a new approach is required to detect
code clone groups on distributed version control system. To address these issues, this
chapter describes a new approach to extract code clone groups on distributed version
control system. Efficient code clone group extraction algorithm based on transitive

I The results show that there exists

closure computation is proposed in this chapter.
potential clone pairs between different versions of program file on DVCS. In recent

years, there has been lot of attention devoted to research in the area of code clone

'The contents of this chapter are published as per following details:

¢ Rajkumar Tekchandani, Rajesh Bhatia, Maninder Singh, “Code clone genealogy detection on e-
health system using Hadoop”, Computers and Electrical Engineering, Vol. 61, pp 15-30, Elsevier,
IF 1.570, July 2017.
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genealogy detection [26][18][15]. The focus in this research work is moved towards
finding code clones among different versions of the program file stored in distributed
version control system like Git. Large software systems on Git (a distributed version
control system) undergo thousands of commits over their life cycles. Each commit can
involve modifications to code clones. Code clone genealogy is evolved over time along
with each commit made by user in a software system on Git. Commit history of Git
is stored in the form of directed acyclic graph (DAG). Each commit in Git adds a
new node in existing DAG. To study evolution of code clone groups, knowledge needs
to be extracted from DAG. With thousands of commits on a software system in Git,
knowledge extraction from DAG to study evolution of code clone groups requires high
computation with addition of new parameters. To deal with intensive computations

normal solutions are unsuitable and cause an unnecessary overhead in runtime.

4.1 Code Clone Group Extraction

This section introduces code clone group extraction, along with tools and infrastruc-
ture used in the proposed Git code clone group extractor model.
4.1.1 Infrastructure and Tools used

To implement our proposed Git code clone group extractor model on subject system

the following infrastructure and tools are used.

4.1.1.1 Git Repository

Git is a free and open source distributed version control system designed to handle

everything from small to very large projects with speed and efficiency [171]. When a
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e45b7bl

84ac559

Figure 4.1: DAG data structure in Git.

commit is made, Git stores a commit object that contains a pointer to the snapshot of
the content staged. This object also contains author’s name and email, message and
pointers to the commit or commits that directly came before this commit (its parent
or parents). Zero parents for the initial commit, one parent for a normal commit and
multiple parents for a commit that results from the merger of two or more branches.
Git uses directed acyclic graph (DAG) data structure with each commit as a node. The
term acyclic indicates that there are no cycles in the graph. The history of everything
in the Git repository is modeled as a DAG. A DAG is a data structure that can be used
to model a wide variety of problems.

The DAG consists of the following elements:

Nodes: Each node represents some object or piece of data. In Git, each node

represents a version of program file.

e Directed edges: A directed edge from one node to another represents child to par-

ent relationship, from the new revision to the revision from which it was derived.

e Root node : At least one of the nodes will have no parents. This is the root of the

DAG.

e Leaf nodes: One or more of the nodes will have no children. These are called

leaves or leaf nodes.
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For example, in Figure 4.1, 599349, f59cfd2, 18eabab, e45b7b1, 84ac559 and 556a327
are respective commit nodes of the Git repository represented in DAG. Commit node

599349 is the root and 556a327 is leaf node in the commit history.

4.1.1.2 Neo4j

Neo4j is an open source NoSQL graph database implemented in Java and Scala.
Neo4j implements the Labeled Property Graph Model efficiently down to the storage
level [172][173].

A labeled property graph has the following characteristics:

It consists of nodes and relationships.

Nodes contains properties.

Nodes can be labeled with one or more labels.

Relationships are named and directed, and always have a start and end node.

Relationships can also contain properties.

These databases are navigated by following the relationships. Neo4j has an ability to
hold billions of nodes and relationships using Cypher. Cypher is Neodj graph query
language. Cypher syntax provides a familiar way to match patterns of nodes and re-
lationships in the graph. Cypher query language (CQL) is a declarative, SQL-inspired
language for describing patterns in graphs [174]. A graph is represented as G = (V,E),

where set ‘V’ represents collection of vertices and set ‘E’ represents collection of edges

[175].
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4.1.1.3 Perl

Perl (Practical Extraction and Report Language) is a stable, cross platform program-
ming language [176]. Tt supports both procedural and object-oriented programming. We

created Perl scripts to automate various stages in our clone group extraction model.

4.1.1.4 Hive

To carry out operations like querying and analyzing huge amount of data, Hadoop
framework offers an open source data warehouse system called as Hive [177]. Hadoop
is an open-source framework that allows to store and process Big Data in a distributed
environment across clusters of computers using simple programming models [178]. Hive
structures warehouses in HDFS and other input sources, such as Amazon S3. Hive is a
sub-platform in the Hadoop ecosystem and produces its own query language (HiveQL).
This language is compiled by Map-Reduce and enables user-defined functions (UDFs).
The Hive platform is primarily based on three related data structures as tables, parti-

tions and buckets [179].

4.2 Clone Group Extraction Model

In this section, we describe our proposed Git code clone group extraction model.
The components used in our model are shown in Figure 4.2. The input to our code
clone group extraction model is the DAG of commit nodes extracted from Git commit
history of a program file distributed across all commits. Each commit node in DAG has
ten attributes as shal, hash, parents, abbreviated parents, author email, author name,
refs, subject, timestamp and date time. A commit node in DAG represents a version of

the program file in Git commit history. The DAG of commit nodes is extracted from
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logs using Git command as git log ——reverse ——format = ‘format: %H, %h, %P, %p,
%an, %ae, %d, %s, %at, %ai’ and stored in a comma separated value (CSV) file as
CommitHistory.csv.

The format of CommitHistory.csv file includes the attributes of commit node as ‘%H,
%h, %P, %p, %an, %ae, %d, %s, %at, %ai’ as described in Table 4.1. The CommitHis-
tory.csv file is loaded into Neo4j using LOAD CSV utility (Figure 4.2) for graphical
(DAG) representation of relationships among commit nodes. Load CSV is used to im-
port data from (CSV) file into Neo4j. A commit node as Commit(c) is created and
connected with its author(u), day(d), month(m) and year(y) nodes representing its
version. Parent nodes are stored in a list and connected to commit node using CQL

commands. In Figure 4.3, the DAG of commit nodes are represented in Neo4j graph

Table 4.1: Description of attributes in CommitHistory.csv file.

S.No.| Attribute Name Description
1. %H Commit hash / Shal Unique 40 character string
2. %h Abbreviated commit First seven characters of Commit Hash
hash / hash
3. %P Parent hashes Commit Hash of parent nodes
4. %op Abbreviated parent First seven characters of Commit Hash
hashes of parent nodes
5. Yoan Author name Name of author who authored that
Commit Hash
6. Yoae Author email Email of author who authored that
Commit Hash
7. %d Ref names Names of Branches
8. %os Subject Message on Commit hash
9. Yoat Author date, UNIX Unique UNIX Time stamp
timestamp
10. Yoai Author date, ISO Date and time of Commit hash
8601-like format

database for e-health system program file. The nodes Commit(c), Author(u), User(u),

Parent(p), Day(d), Month(m) and Year (y) are connected through following relation-

81



ships as AUTHORED, ON_DAY, IN.MONTH, IN.YEAR and PARENT in Figure 4.3

©

git

using the following CQL commands in Neo4;.

e-health
Repository

Extract

Program file
from Git

Repository

Git command

“] 1 ComnutHustory csv

LOAD CSV)\ I
¢/

Perl Script (Transform_1.perl)

Code 8 "
Clone ‘ Ne 04] ParentHistory csv
Genealogy 'J.l

(lilo.m? Transitive
s Pairs csv
£=  Depth0t
(Transform_2.perl) g. o st

Collection of subdirectories
consists of program files from depth
Oton

RSA. CLN. LEN.| cCFinderX
CVR (Metrics)

Figure 4.2: Code clone group extraction model on e-health system.

e CREATE (u) - [ :AUTHORED | - > (c)
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Figure 4.3: Graphical representation of relationships among various commit hashes of
HibernateConceptDAO.java in Neo4j.

e CREATE (c) - [ :ON_DAY | - > (d)
e CREATE (d) - [ IN.MONTH | - > (m)

e CREATE (m) - [ :IN_.YEAR | - > (y)
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e CREATE (c) - [ :PARENT | - > (p)

These relationships connects nodes as Author(u) authored commit(c), Commit(c) is
done on day(d), Day(d) falls in month(m), Month(m) falls in year(y) and Parent(p) is
the parent of commit(c). To extract code clone groups from commit hashes, clone pairs
needs to be extracted on the basis of code clone parameters as transitive depth, ratio of
similarity and clone coverage using relationships in Neo4j. A clone group is the collection
of clone pairs between a sink commit hash and the other parent commit hashes at
different transitive depth values (Figure 4.5). To extract clone pairs, CommitHistory.csv
file acts as an input to the Transform_1.perl (Perl Script) which splits the parents of
each commit node and output two attributes as commit hash and its parent hash. This
pair of commit hash and its parent hash provides us the relationship at depth value

equals to one. The output of Transform_1.perl is stored in a comma separated value

Table 4.2: File set metrics extracted from CCFinderX [1][2].

S.No.| File set metrics | Description
1. LEN Length of file in tokens
2. CLN Count of clones included in the file
3. RSA Ratio (percentage) of similarity with another file
4. CVR Ratio (percentage) of tokens that are covered by any code
clone

file as ParentHistory.csv (Figure 4.2). The ParentHistory.csv file is loaded into Hive
Data warehouse for transitive closure computation. Transitive closure computes depth
relationship between commit nodes for each depth value from ‘0’ to ‘n’ using algorithm
3. A relation ‘R’ on a set ‘A’ is called as transitive if whenever (a,b) € R and (b,c) €
R, then (a,c) € R, for all a,b,c € A [123].

Similarly, we have defined transitive pairs in context to commit hashes, as if there

exists a relation from ‘commit_hash_1 — commit_hash_2’ with depth value ‘x” and a

84



relation from ‘commit_hash_2 — commit_hash_3’ with depth value ‘y’; it implies that
there exists a transitive relation from ‘commit_hash_1 (from) — commit_hash_3(to)’ with

depth value equals to ‘x + y’. Hive returns all transitive pairs between commit hashes

1.000

Figure 4.4: Depth {0, 1, 2, ..... , 7}, RSA {1.000, 0.921, 0.907, ........... , 0.808} and
PARENT relationships among different versions {19e972e, 8f783541, ..... , b984cd1} of
HibernateConceptDAO.java in Neo4j.

for a program file in a comma separated value file as TransitivePairs.csv (Figure 4.2)
that returns different versions of the program file at different transitive depth values.
These different versions of the program file are stored in a directory that is created using
Transform_2.perl (Perl Script) in which TransitivePairs.csv file acts as an input (Figure
4.2). The code clone pairs are detected between different versions of the program file

at different transitive depth values using CCFinderX [1][2] (a token based code clone
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detection tool) and the following file set metrics, as described in Table 4.2 are retrieved
to extract clone evolution patterns on Git. Each clone pair with extracted file set
metrics are exported into Neo4j for code clone genealogy relationship detection. The
code clone genealogy relationship for depth and RSA is build using Query-1 in Neo4j

graph database (Figure 4.4).

Query-1:

1. LOAD CSV WITH HEADERS FROM ‘file:///TransitivePairs.csv’ AS line,
2. MATCH (a : Commit { hash : line.from }) , (b : Commit { hash : line.to }),
3. CREATE (a) — [ depth : depth { depth : line.depth } | - > (b),

4. CREATE (a) — [rsa : RSA { RSA : lineasa } | — > (b),

5. RETURN a.hash as from_Commit_hash, b.hash as to_Commit_hash, rsa, depth;

The LOAD CSV command is used to import bulk data from external system to graph.
The first line of cypher script in Query-1 loads TransitivePairs.csv file into Neo4j graph
database. WITH HEADERS tells the database that first line of (.csv) file contains
named HEADERS as from(commit_id), to(commit_id) and transitive depth. AS line
assigns the input file to the variable line. The rest of script will be executed for each
row of TransitivePairs.csv file. In line 2 of query-1, (a) and (b) are identifiers, Commit
is node label and hash is the property of node.

The MATCH command fetches data from database and binds it with identifier (a)
and (b), where identifier (a) consists of form_commit_id and (b) consists of to_commit_id.
Relationships as depth and RSA are created in line 3 and 4 between (a) and (b) using
CREATE clause. In line 5, nodes and relationships bound to identifier (a) and (b)
are returned using RETURN clause. Moreover, code clone groups are represented in

genealogy using Query-2 in Neo4j (Figure 4.5).
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Figure 4.5: Graphical Representation of Clone groups in genealogy for sink commit
nodes {3a6b995 and 19e972¢} of e-health system in Neo4j.

Query-2:
1. LOAD CSV WITH HEADERS FROM ‘file:///TransitivePairs.csv’ AS line,
2. MATCH (from : Commit {hash : line.from}),
3. MERGE (to : Commit {hash : line.to, depth : line.depth}),
4. CREATE (from) — [ : CLONE_PAIR | — > (to),

5. RETURN from as From_Commit_Hash, to as To_Commit_Hash_Depth;

In query-2 data is imported into graph database from TransitivePairs.csv file using

LOAD CSV utility. In second line of CQL Query, MATCH command fetches the data
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from database and binds it with identifier/node (from). In line 3 of Query-2, MERGE
(MATCH + CREATE) command searches for the given pattern in the graph, if it
exists, the results will be returned , else it will create a new node/relationship and
returns the results. Here we have matched the pattern as to_commit_id, depth and
merged it into node/identifier (to). In line 4, a relationship as CLONE_PAIR is built
between ‘from’ and ‘to’ nodes. In line 5, values of identifier (from) and (to) are returned
using RETURN clause. As the CQL script in query-2, will be executed for each row
of TransitivePairs.csv file, it returns clone pair between (from) and (to) commit nodes
for each iteration of CQL script and collection of all such clone pairs will form a clone

group (see Figure 4.5).

4.3 Algorithm Description

In algorithm 3, transitive clone pairs between different versions of program file are
found to extract code clone groups in genealogy. The procedures used in algorithm 3,
to calculate transitive closure between commit hashes are create HiveTables, tcDepth0,
tcDepthl, tcDepth(n), truncateTransition, loadTransition, mergeTransitionToTc and

count.

e createHiveTables: This procedure creates base, reporting and transition tables.
— Base Table : A Hive Managed Table that stores the source data obtained
from ParentHistory.csv file.

% Schema of Base Table : tableName : base :: fieldSchemas (base_ from-

CommitID : STRING, base_toCommitID : STRING, depth : INT)

— Reporting Table : A Hive Managed Table partitioned by depth that holds

the output of transitive closure.
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Algorithm 3: Transitive closure based code clone computation

Algorithm Transitive Clone Pairs()

© 00 N O Uk W N

T S S S S
o U A W N R O

17

createHiveTables ()

tcDepth0 ()

loadTransition() <« Load output of tcDepthO()
tcDepth1 ()

loadTransition() < Load output of tcDepthl ()
mergeTransitionToTc ()

truncateTransition()

d=2 > d is depth parameter
do

rowCountPrevious = count ()

tcDepth(d)

loadTransition() < Load output of tcDepth(d)
mergeTransitionToTc ()

truncateTransition()

rowCountCurrent = count ()

increment d

while rowCountPrevious | = rowCountcurrent
return

« Schema of Reporting Table : tableName : tc :: fieldSchemas (tc_from
CommitID : STRING, tc_toCommitID : STRING, depth : INT)

— Transition Table : A Hive Managed Table that stores the results of transitive
closure at each depth before merging into Reporting table. At the start
of each processing cycle it is overwritten by transitive closure of processing

depth.

* Schema of Transition Table : tableName : transition :: fieldSchema
(transition_fromCommitID : STRING, transition_to CommitID : STRING,
depth : INT)

e tcDepth0 : Compute transitive clone pairs at depth = ‘0’.

e tcDepthl : Compute transitive clone pairs at depth = ‘1’

— Transitive clone pairs in base table are at depth ‘1’
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e tcDepth(n): Requires a single input parameter ‘n’, (‘n’ is between ‘2’ to maximum

depth value) and computes the transitive clone pairs at depth = ‘n’.
o {runcateTransition : Truncates the transition table.
e loadTransition : Loads the transition table.

e mergeTransitionToTc : The transitive clone pairs generated at each depth are

merged from transition table to reporting table.

e count : Computes the number of records in reporting table.

4.3.1 Transitive Closure Computation

Algorithm 3 finds transitive clone pairs at each depth through transitive closure
computation in Hive. The createHiveTables (linel) procedure creates base, transition
and reporting tables. Input to algorithm 3, is ParentHistory.csv file which contains
transitive clone pairs at depth ‘1’ and stored in base table. The tcDepth0 (line 2)
procedure calculates the transitive clone pairs at depth ‘0’. Depth ‘0’ transitive clone
pairs are self commits. In Figure 4.4, it is represented by self loop at each commit hash.
Depth ‘0’ transitive clone pairs are computed by selecting distinct base_fromCommitID,
base_toCommitID and assigning depth value as ‘0’.

The tcDepthl (line 4) procedure finds transitive clone pairs at depth ‘1’ which are
retrieved from base table. Transitive clone pairs obtained at depth ‘0’ and depth ‘1’
are stored into transition table using load Transition (line 3 and 5) and finally merged
into reporting table using merge TransitionToTec (line 6). To calculate transitive clone
pairs from depth two onwards, do-while loop is executed from ‘d = 2’ to the maximum
depth (line 10-16). For each iteration in loop, transitive clone pairs are calculated using

tcDepth(d) (line 11), stored in transition table (line 12) and merged to reporting table
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(line 13).

The tcDepth(d) procedure is a self join between reporting table on tc_fromCommitID,
tc_toCommitID and filtered by ‘tcl.depth + tc2.depth = d’, where ‘tcl’” and ‘tc2’ are
alias of reporting table. Depth parameter ‘d’” is incremented until maximum depth is
reached which is tracked by count of number of rows in reporting table. When count is
same for successive iterations it indicates that maximum depth is reached and transitive

clone pairs for depth = ‘0’ to maximum depth are obtained.

4.4 Summary

In this chapter, a novel Git code clone group extraction model based on transitive
closure computation using Big Data technologies is proposed. Efficient code clone ge-
nealogy detection gives developers useful feedback about various change patterns of code
clones in a software system. To extract code clone groups from distributed repository
in Git, transitive pairs between different versions of program files have been computed
using Hadoop ecosystem. The computed transitive pairs are evaluated and investigated
structurally and semantically using Neo4j graph database for code clone evolution. The
code clone genealogy relationships are calculated on the basis of code clone parameters

as transitive depth, ratio of similarity and clone coverage ratio.
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CHAPTER 5

Results and Discussions

The experimental results in this chapter are carried into two parts. In the first part,
semantic code clone analysis is carried out using reaching definition and liveness analysis
on Java benchmark systems. In second part of code clone analysis, extracted code clones
pairs are clustered into code clone groups during software evolution in distributed version
control system. Code clone groups are extracted using Hadoop ecosystem on OpenMRS
(an open source Git repository). Earlier methods of semantic code clone detection are
based on comparison of program dependence graphs through graph isomorphism, which
returns approximate solutions. Programmers often try to infer semantic differencing
between different versions of program files by inserting irrelevant statements, statement
reordering and inversion of control predicates. Existing semantic code clone detection
techniques are unable to provide a heuristic solution to these issues.

In result analysis (section 5.1.1), the performance of the proposed semantic code clone
detection approach is evaluated on Java based applications of varying sizes taken from
Decapo Benchmark [180]. Code clone pairs are extracted between different versions of
program files in a subject system using the proposed code clone group extraction model.
In the case study (section 5.2.2), three research questions are framed to describe code
clone evolutions patterns. An adequate amount of result analysis is provided in section

5.2.3 to address the research questions framed in case study.
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5.1 Semantic Code Clone Analysis

To carry out experimental study on semantic code clone detection', we analyzed
the results obtained from Table 3.2, 3.3, 3.4 and validated the results on large scale
Java based subject systems. We have deduced results in the terms of definitions ‘d1’ to
‘d8’ for program code fragments Sy, S, and S3. Similarly, from Table 3.5 results were

obtained from definitions ‘d1’ to ‘d9’ for source code S;.

5.1.1 Results Analysis

We find that after reordering the definitions as shown in Table 3.1(b), the same set
of definitions have been obtained for each sub-block as shown below.
Results From Table 3.2 (Original source code, Sy)
out[B1.5;] = dl1, d2, d3
out[B2.5;] = d1, d4, d5, d8
out[B3.5;] = d1, d5, d6, d8
out[B4.5;] = d1, d4, d7, d8
out[B5.5;] = d4, db, d6, d7, d8
Results From Table 3.3 (Reordered statements, Ss)
out[B1.S,] = d1, d2, d3
out[B2.5,] = d3, d4, d5, d8
out[B3.S,] = d3, d4, d6, d8
out[B4.5;] = d3, d5, d7, d8
out[B5.5;] = d4, d5, d6, d7, d8

!The contents of this section are published as per following details:

¢ Rajkumar Tekchandani, Rajesh Bhatia, Maninder Singh, “Semantic code clone detection for
Internet of Things applications using reaching definition and liveness analysis”, The Journal of
Supercomputing, pp. 1-28, Springer, IF 1.326, August 2016.

93



Results From Table 3.4 (Inversion of branch statements, Ss)
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B Irrelevant statements

No. of Irrelevant statements

Figure 5.1: Number of irrelevant statements in subject systems.

out[B1.55] = d1, d2, d3

out[B2.S;3] = d3, d4, d5, d8

out[B3.S;] = d3, d4, d6, d8

out[B4.S;] = d3, db, d7, d8

out[B5.5;3] = d4, db, d6, d7, d8

Similarly, the set of definitions has been obtained for the program code represented in
Sy (Table 3.1(d)), representing the insertion of an irrelevant statement as (d4: 1 = 5).
It is not redefined at any future program point as the value of kill set for (d4: 1 = 5) €
Sy is ‘¢’ in Figure 3.6.

Results From Table 3.5 (Insertion of irrelevant statement, Sy)

out[B1.S,] = d1, d2, d3, d4

out[B2.5,] = d1, d4, d5, d6, d9

out[B3.5,] = d1, d4, d6, d7, d9

out[B4.5,] = d1, d4, d5, d8, d9

out[B5.5,] = d4, d5, d6, d7, d8, d9.
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From Table 3.5, we have analyzed that the definition (d4: 1 = 5) remains defined in
all the blocks of ‘S,” and it may used at some program point ‘p’ in the program, that

can be checked by carrying out liveness analysis. By assimilating the results, we found

3000
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=
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=
2 1500
Q
T 1000 ENICAD
z 500 ® Proposed Approach
O i -

ANTLR  Bloat Chart  Apache
277y  (1.0) (1.0) FOP
(0.95)

Subject Systems

Figure 5.2: Comparison of clone pairs with NICAD.

that reaching definition equations that are live at the end of each block is equivalent to
the reaching definition equations for the program blocks having reordered statements.
We have achieved the solution of statement reordering as mentioned by Baxter [I1] us-
ing explicit data flow analysis through reaching definition analysis. Similarly, reaching
set definitions are calculated for the source code with inversion of branch or control
statements. Another area of interest for carrying semantic analysis is the insertion of
irrelevant statements. Programmers often try to insert irrelevant declarations or state-
ments in the source code to hide code clones. These irrelevant statements cannot be
detected using token or tree based techniques from source code, so to extract these ir-
relevant statements, data flow analysis is performed using liveness analysis.

Using reaching definition analysis of source code ‘S;’ in Figure 3.6, we deduced that
the definition (d4: 1 = 5) in ‘S,’ is not killed anywhere in the program. The value of
the attribute kill[d4] = ¢ (Figure 3.6) signifies that definition ‘d4’ is not redefined in

the program. The definition (d4: 1 = 5) may be used at any of the program point in
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Table 5.1: Java benchmark subject systems.

Subject Version | LOC No. of | NICAD Clone Pairs

System dead as- | (Clone detected us-
signments | Pairs) ing proposed

approach

ANTLR 2.7.7 37,730 3,676 953 1,140

Bloat 1.0 38,581 5,635 875 1,337

Chart 1.0 9,968 1,788 402 488

Apache 0.95 1,30,300 17,930 2,380 2,866

FOP

the program. Liveness analysis is performed to find that whether definition (d4: 1 = 5)
is used at any of the program point in the source code. From second and third iteration
of Table 3.6, we found that the definition (d4: 1 = 5) is not live at any of the program
point of Sy in out[i] and in[i] sets of liveness analysis. It indicates that the definition
(d4: 1 = 5) is not used as well as not redefined (kill[d4] = ¢) at any of the program
point in Sy (Figure 3.6). This leads to the conclusion that statement induced as (d4: 1
= 5) in program code Sy is an irrelevant statement and it should be removed from the
program.

Further, the change in value of any variable that is live at any program point inside
the program will not affect the structure of program because its structural representa-
tion will remain same. Moreover, its runtime behavior will also remain same regardless
of number of iterations if the variable is used in some looping construct. To evaluate
the performance of the proposed approach, Java based applications of varying sizes as
ANTLR, Bloat, Chart and Apache FOP from DaCapo Benchmark suite [180] are se-
lected. ANTLR is parser generator, Bloat is an optimization and analysis tool, Chart is
a charting utility tool and Apache FOP is print formatting tool as shown in Table 5.1.

Figure 5.1, represent number of irrelevant statements that exists in the subject sys-
tems taken from DeCapo Benchmark. Further in Table 5.1, we represented the number

of clone pairs (CP’s) detected by the proposed approach on subject systems as ANTLR
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(1,140 CP’s), Bloat (1,337 CP’s), Chart (488 CP’s) and Apache FOP (2,866 CP’s) and
compared our results with NICAD (a near miss clone detection tool) [21][122]. Figure

5.2 shows comparative analysis of results with NICAD.

5.2 Code Clone Group Analysis

In second part of code clone analysis?, code clone pairs are extracted from OpenMRS
(an open source Git repository) using Hadoop ecosystem. The extracted code clone pairs
are clustered to form code clone groups. Code clone groups are the collection of code
clone pairs and result of copy paste activities in a software system. Code clone pairs
are extracted between different versions of program file on distributed version control
system (Git) using transitive closure computation on directed acyclic graphs (DAG).
Further, code clone genealogy is detected among different versions of the program file.
Detection of code clone genealogy gives immense benefits to developers with respect to
maintenance and refactoring perspectives.

In experimental study, code clone pairs at different transitive depth values are found.
In result analysis (section 5.2.3), changing evolution patterns, code clone pairs and code
clone evolution patterns are discussed. The results data set show, that as the transitive
depth increases between different versions of program file the similarity decreases due
to more numbers of insertions and deletions of program statements. These inserted
program statements may be irrelevant statements in version control system, which can

be eliminated from program files using formal methods of program analysis.

2The contents of this section are published as per following details:

¢ Rajkumar Tekchandani, Rajesh Bhatia, Maninder Singh, “Code clone genealogy detection on e-
health system using Hadoop”, Computers and Electrical Engineering, Vol. 61, pp 15-30, Elsevier,
IF 1.570, July 2017.
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5.2.1 Experimental Setup

To carry out experimental study on code clone group extraction, we used CDH 5
[181] (Cloudera Distribution Including Apache Hadoop) for Hadoop ecosystem. For
our experiment, we installed CDH in local hardware, which includes a 3.6 GHz quad
core processor, 16 GB memory, Ubuntu Precise (12.04) operating system, JDK Version
1.7.0_80 and Neo4j 2.3.2 graph database.

5.2.2 Case Study

Our code clone group extraction model on Git extracts code clone evolution patterns

and allows us to explore various research questions as

RQ1: How often change occurs between different versions of a program file in Git?
RQ2: How clone pairs are extracted between different versions of a program file?

RQ3: How code clone genealogy parameters evolve at different transitive depth values

of clone pairs in a clone group?

To answer these research questions, we choose a subject system on e-health from Git
repository for code clone genealogy detection with significant commit history. We se-
lected the subject system as OpenMRS [182] from open source Git repository as can-
didate repository for code clone genealogy detection having the commit history of ap-
proximately ten years from September 2005 to August 2015. OpenMRS is a patient
centric, e-healthcare system that records the details of interactions between health care
providers and patients. Information is stored in a way that makes it easy to summarize
and analyze, minimizing the use of free text and maximizing the use of coded infor-

mation. The software collects a patient’s treatment details into a single patient chart.
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Table 5.2: OpenMRS program files with commit history and execution time.

S.No. | Program files from e- | Max- | Execu- Commit History
health (OpenMRS) sys- | imum | tion
tem tran- | time

sitive | for
depth | geneal-

ogy
extrac-
tion
From (Date) | To (Date)
1. HibernateConceptDAO.java 7 2 min 43 17-08-2010 23-06-2014
sec
2. OrderServicelmpl.java 6 2 min 26 17-08-2010 05-06-2014
sec
3. OrderServiceTest.java 6 2 min 24 17-08-2010 04-06-2014
sec
4. ConceptServicelmpl.java 4 1 min 42 17-08-2010 14-07-2014
sec
5. ModuleFactory.java 4 1 min 37 17-08-2010 29-10-2013
sec

Having this complete patient history available at one place allows clinicians to make bet-
ter decisions about care. It also enables a deeper analysis of patient health in order to
draw more meaningful conclusions [153]. Code clone genealogy is extracted for program
files (Table 5.2) of OpenMRS e-health care system on Git. The commit history graph of
HibernateConceptDAO . java is extracted using CQL and stored in Neo4j (Figure 4.3).
Figure 4.4 gives the graphical representation of extracted code clone genealogy of
HibernateConceptDAO .java using Neo4j graph database from depth ‘0" to ‘7’. For our
code clone genealogy analysis on Git, we focused on finding the transitive closure be-
tween different versions of the program file distributed over several commits in commit
history of program file. Every commit in commit history represents different version of
the program file having an increase or decrease in ‘LEN’ (Number of tokens) parameter
(see Table 5.3). The ‘LEN’ parameter is calculated using CCFinderX [1][2]. As per the

study of Kim et al. [20] there exists some false positives and false negatives in CCFind-
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erX [1][2] clone detection tool but the previous comparison of clone detector tools [3]
suggests that CCFinderX has much higher recall value as compared to CloneDr [11].
Further, while configuring CCFinderX [1][2], we have taken the minimum token length
as ‘30" (a default setting) and TKS (minimum number of token types) equals to ‘12’, as

very short code snippets are not considered as code clones by programmers.

5.2.3 Results Analysis

This section presents the evolution patterns of code clones in OpenMRS e-healthcare

system and answers the research questions raised in section 5.2.2.

5.2.3.1 Changing Evolution Patterns

To find how often the change occurs between different versions of the program file
across the whole commit history in Git, we measured the change in token length be-
tween different versions of the program file at different transitive depth values. In
Table 5.3, we extracted transitive pairs between ‘from_commit_hash — to_commit_hash’
in increasing order of depth values for program files shown in Table 5.2. We further
measured the parameters as ‘LEN_from_commit_hash’ and ‘LEN_to_commit_hash’ from
CCFinderX [1][2] that gives the token length of different versions of program file at
‘from_commit_hash’ and ‘to_commait_hash’.

In OpenMRS, we found that there is an increase or decrease in the number of to-
kens at various commits between different versions of the program file. In Table 5.3,
‘LEN_to_Commit_hash’ parameter changes between different versions of program file at
different transitive depth values. This change in ‘LEN’ parameter suggests that pro-
grammers have done a substantial amount of change among different versions of the

program file on different commits at various transitive depth values.
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Figure 5.3: Clone pair relationships among different versions {fa02ac8, e3047c5,
c93afd7, ...... , bd1lcab50} of HibernateConceptDAO.java in Neod;.

5.2.3.2 Code Clone Pairs

To find clone pairs, we input transitive pairs in CCFinderX [!][2] and measured
the ratio of similarity parameter between different versions of the program file at a
particular transitive depth value. The Ratio of similarity between two versions of the
program file is calculated using the following RSA function [2] as RSA(f) = 1/LOC(f)
>ceor(sy LOC(c) where, LOC(c) : number of lines of code ‘c’. Here, CF(f) is a set of

code fragments included in program file (f) and have a clone relation with some code
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fragments in other program file, and ‘c’ is the element of CF(f).

Table 5.3: Clone pairs in OpenMRS.

S.No from_ to Transitive | LEN_from_| LEN_to_. | RSA
Commit_ | _Commit depth Com- Com-
hash _hash mit_hash mit_hash
(a) HibernateConceptDAO.java
1. 19e972e 19e972e depth : 0 9917 9917 1.000
2. 19e972e 8f783541 depth : 1 9917 9165 0.921
3. 19e972e b17¢387 depth : 2 9917 9147 0.907
4. 19e972e 5le2dae depth : 3 9917 8994 0.883
5. 19e972e 27423e4 depth : 4 9917 8933 0.867
6. 19e972e 95e388f depth : 5 9917 8662 0.849
7. 19e972e ccbd1df depth : 6 9917 8660 0.847
8. 19e972¢ b984cd1 depth : 7 9917 8727 0.808
(b) OrderServicelmpl.java
1. 3a6b995 3a6b995 depth : 0 1332 1332 1.000
2. 3a6b995 3d3c086 depth : 1 1332 1332 0.933
3. 3a6b995 87dce90 depth : 2 1332 1310 0.933
4. 3a6b995 05b88a9 depth : 3 1332 1110 0.797
5. 3a6b995 f6a7565 depth : 4 1332 1081 0.664
6. 3a6b995 0d8d387 depth : 5 1332 1077 0.631
7. 3a6b995 39c783d depth : 6 1332 1059 0.621
(c) OrderServiceTest.java
1. 3a6b995 3a6b995 depth : 0 3919 3919 1.000
2. 3a6b995 3d3c086 depth : 1 3919 3942 0.888
contd..
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Table 5.3: Clone pairs in OpenMRS. (continued..)

S.No from_ to_ Transitive | LEN_from_| LEN_to_. | RSA
Commit_ | Commit depth Com- Com-
hash _hash mit_hash mit_hash
3. 3a6b995 87dce90 depth : 2 3919 3942 0.888
4. 3a6b995 05b88a9 depth : 3 3919 3370 0.755
5. 3a6b995 f6a7565 depth : 4 3919 3191 0.703
6. 3a6b995 0d8d387 depth : 5 3919 3191 0.703
7. 3a6b995 39¢783d depth : 6 3919 3159 0.685
(d) ConceptServicelmpl.java
1. 604245 604245 depth : 0 5442 5442 1.000
2. 6041245 €1604d9 depth : 1 5442 5442 1.000
3. 604245 0293ebb depth : 2 5442 5442 1.000
4. 604245 aladcf6 depth : 3 5442 5217 0.777
5. 604245 ab3b9bl depth : 4 5442 6652 0.595
(e) ModuleFactory.java
1. 90fe416 90fe416 depth : 0 5837 5837 1.000
2. 90fe416 9afbf48 depth : 1 5837 5843 0.973
3. 90fe416 bf79c32 depth : 2 5837 5843 0.973
4. 90fe416 364372d depth : 3 5837 5686 0.899
5. 90fe416 1941264 depth : 4 5837 5679 0.899

In Table 5.3(a), RSA value varies from 1.000 to 0.808 for transitive pairs from depth
‘0’ to ‘7’ for HibernateConceptDAO.java. Similarly, Table 5.3(b)-(e) represents ‘RSA’
at different transitive depth values for OrderServicelmpl.java, OrderServiceTest.java,

ConceptServicelmpl.java and ModuleFactory.java. This shows that transitive pairs at
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each depth are potential clone pairs and ratio of similarity changes between different

versions of program file at various commits.

Table 5.4: Clone groups in genealogy of HibernateConceptDAO.java at minimum and
maximum depth values.

S.No Path (FromCommitHash ToCommitHash Depth) RSA

(a) Depth: 1to 7

1. 19€972e_8 f783541_1 0.921

19€972e_0984cd1_7 0.808

(b) Depth : 1 to 6

2. 8f783541_b17¢387_1 0.983

8f783541_b984cd1_6 0.876

(c) Depth: 1to 5

3. c6d616¢_91d0f7f_1 1.000
c6d616c_ael fa70_5 0.975
4. b17¢387_51e2dae_1 0.959
b17¢387_b984cd1_5 0.878
5. 0293ebb_aladcf6_1 0.965
0293ebb_acc f5c0_5 0.930

(d) Depth : 1 to 4

6. aladcf6_a3be8ee_1 0.976
aladcf6_accf5c0-4 0.963
7. 91d0f7f_3e44129_1 1.000
91d0f7f_ae0 fa70_4 0.975
8. ble2dae_27423e4_1 1.000
5le2dae_b984cdl_4 0.910

contd..
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Table 5.4: Clone groups in genealogy of HibernateConceptDAO.java at minimum and
maximum depth values. (continued..)

S.No Path (FromCommitHash ToCommitHash Depth) RSA
9. 0225 f7e_f1018al_1 0.949
0225 f7e_8818dec_4 0.806

(e) Depth : 1 to 3

10. f1018al_ebeadT5-1 0.920
f1018a1_8818dec_3 0.772
11. bd1ca50_0accee2_1 1.000
bd1lcadb0_f61f3c0-3 0.988
12. a3be8ee_8834817_1 1.000
a3be8ee_accf5c0_3 0.987
13. 3e44129_de32940_1 0.994
3e44129_ae0 fa70_3 0.975
14. 04 f8aa7_cab27b5_1 1.000
04f8aa7-1617851_3 0.985

(f) Depth : 1 to 2

15. Oaccee2_18 f43d9_1 0.995
Oaccee2_f61 f3c0_2 0.988
16. 1f19afc_e873edf_1 1.000
1f19a fc_986 f236_2 0.997
17. 32ad9b4_06309 fa_1 1.000
32ad9b4-89 f096c_2 0.999
18. 307e46b_c908c70-1 0.974
307e460_719dc3 f_2 0.933
contd..

105




Table 5.4: Clone groups in genealogy of HibernateConceptDAO.java at minimum and
maximum depth values. (continued..)

S.No Path (FromCommitHash ToCommitHash Depth) RSA
19. b734ede_c93a f47_1 0.908
b734ede_1636683_2 0.908

20. cab27b5_2bbd26a-1 0.995
cab27b5-1617851_2 0.985

21. d7a152d_9de8c13_1 1.000
d7a152d_c0958e4_2 0.982

22. febe212_¢d27 f7a_1 0.978
fcbc212_95b5d02_2 0.964

5.2.3.3 Code Clone Evolution Patterns

For evolution of code clone genealogy parameters at different transitive depth values
of clone pairs in a clone group, we found 520 clone pairs in HibernateConceptDAOQO.java

lifetime from transitive depth ‘0’ to ‘7’.  These clone pairs are stored in Neo4j graph

Code clone genealogy

1.2
>
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g 08 _ N
= —&-HibernateConceptDAO java
= 06 X —4—OrderServicelmpl java
.g 0.4 —<OrderServiceTest java
S . .
&~ —+=ConceptServiceImpl java
0.2 —o-ModuleFactory java

0

0 1 2 3 4 5 6 7
Transitive Depth

Figure 5.4: Clone evolution patterns of clone groups in genealogy extraction of program
files.
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(c) Clones in genealogy of ModuleFactory.java.
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database with depth and RSA properties. Figure 5.3 shows that these clone pairs
are mapped in clone evolution pattern for genealogy extraction of HibernateConcept-
DAOQO . java. Clone groups for HibernateConceptDAQ.java are shown in Table 5.4. Simi-
larly, code clone genealogy is extracted and mapped for OrderServicelmpl.java, Order-
ServiceTest.java, ConceptServicelmpl.java and ModuleFactory.java as shown in Figure

5.4. We identified the following evolution patterns:

1. Clone Group Evolution : We extracted 22 clone groups from genealogy of Hiber-
nateConceptDAQ.java and calculated the range of RSA for each clone group from
minimum to maximum transitive depth (Table 5.4). Figure 5.4 represents the
clone evolution pattern of clone groups in genealogy extraction of program files of
OpenMRS. This shows that as transitive depth increases in genealogy, the ratio

of similarity decreases between different versions of the program file.

2. Fwvolution of Clones in Genealogy : Figure 5.5 presents file set metrics as CLN
and CVR, that gives the count of clones and clone coverage ratio on different
versions of program file in e-health system. As the transitive depth decreases in a
clone group the count of clones also decreases in genealogy due to more number of
insertions and deletions in the program file. The versions of a program file towards
higher transitive depth values have less clone coverage ratio (CVR) as compared

to lower depth values in genealogy of code clones.

5.3 Summary

In this chapter, the proposed approach was evaluated on large scale Java benchmark
systems in section 5.1. In empirical study, the performance of proposed approach is com-

pared with a near miss clone detection tool, NICAD. In section 5.2, code clone groups
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were extracted on distributed version control system in optimum time. An empirical
study on code clone group evolution for OpenMRS, (an open source Git repository) is
presented. Our study identifies relationships of transitive depth between different ver-
sions of the program file for extraction of code clone evolution patterns on OpenMRS.
The result data set shows that transitive pairs at each depth are potential clone pairs
and as transitive depth increases in clone group the ratio of similarity decreases between
different versions of program file.

Further, during evolution of code clones in genealogy, the count of clones decreases
as transitive depth decreases in genealogy due to more number of statement insertions
or deletions. Moreover, the change in length parameter suggests that significant amount
of change have been done by programmers among different versions of program file at
various transitive depth values. To reduce the effort of maintenance of code and to
identify the amount of semantic variation during code clone evolution across different
versions of program files, it would be valuable to apply reaching definition and liveness

analysis based proposed approach on different versions of program files.
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CHAPTER 6

Conclusion and Future Scope

This chapter concludes the research work on semantic code clone detection and code
clone group extraction model as presented in the thesis. It also discusses open research

problems along with future research scope.

6.1 Conclusion

Code clone detection techniques have been widely used in various software applica-
tions with a goal to provide software maintenance and refactoring benefits to program-
mers. The output of code clone detection techniques is reported in the form of code
clone pairs. Cluster of clone pairs leads to code clone groups. The evolution of code
clone groups across the history of software system is termed as code clone genealogy.
Earlier methods of semantic code clone detection uses program dependence graphs, but
comparison of program dependence graphs to find semantic similarity between code
fragments is done with the aid of graph isomorphism, which is NP-complete problem.
The existing code clone group extraction techniques are not good and scalable enough to
find code clone groups across different versions of software system stored in distributed
version control system (DVCS). The following objectives are discussed and analyzed in
the thesis.

First, we discussed the classification of code clones. After reviewing a wide range

of available literature which helped in preparing a detailed analysis from the various
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research proposals, few gaps in the existing literature were identified which required
further investigation. After presenting a review of code clone detection techniques, we
presented a semantic code clone detection technique and code clone group extraction
model, which fulfills most of the requirements for an effective code clone detection al-
gorithm. We have proposed a new approach based on reaching definition and liveness
analysis for semantic code clone detection.

We have computed semantic code clones between program fragments by carrying out
control and data flow analysis on abstract syntax trees that considers statement reorder-
ing, inversion of decision control predicates and insertion of irrelevant statements. We
have detected refactored program fragments after elimination of dead code fragments
that are syntactically different but semantically equivalent. We have analyzed our ap-
proach on large scale Java benchmark systems having 2,16,579 lines of code and found
that dead code statements stay in the source code. We found 5,831 code clone pairs
from Java benchmark subject systems using proposed approach.

In the second part of thesis, we have proposed a novel Git code clone group extrac-
tion model based on transitive closure computation using Hadoop ecosystem. We have
conducted an in-depth empirical study on change evolution history of code clone pairs
in e-health system (OpenMRS) on Git. We have extracted code clone groups through
transitive closure computation on DAG in Hadoop Distributed File System (HDFS)
that provides the capability to do analysis on the code clone group dataset.

Transitive closure computation on DAG computes all the available transitive clone
pairs at each depth in Git commit history between different versions of the software pro-
gram located on thousands of commits. Further, to map clone pair parameters in graph
data structure and to provide the capability of user friendly extraction, transformation
and loading (ETL) operation on code clone genealogy, we used graph database. The

computed transitive pairs are evaluated and investigated structurally and semantically
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using Neo4j graph database for code clone evolution.

In our experimental study, we have identified the relationships of transitive depth
between different versions of a program file for extraction of code clone evolution pat-
terns on OpenMRS. These code clone genealogy relationships were calculated on the
basis of code clone parameters as transitive depth, ratio of similarity and clone coverage
ratio. We found the result dataset of commits on OpenMRS through transitive closure
computation on DAG. These commits in result dataset are potential clone pairs whose
clone parameters are mapped in genealogy to extract code clone evolution patterns.
The result data set shows that as transitive depth increases in genealogy, the similarity

between different versions of program file in genealogy decreases.

6.2 Future Research Scope

6.2.1 Semantic Code Clones

In future, we intend to extend our approach on Big Data Curated benchmark to
detect semantically equivalent code clones at interprocedural level. Moreover, it would
be valuable to apply formal methods of program analysis to reduce the amount of
semantic differencing between different versions of program file distributed over several

commit hashes in distributed version control system.

6.2.2 Clone Group Extraction

In future, we plan to extend code clone group extraction model to more distributed
repositories and to include new parameters to study evolution of near miss code clones

on distributed version control system. The future work will also focus on prediction
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of survival time of clones in genealogy using machine learning models on distributed

version control system.
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