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Abstract

Code clones are unwanted phenomena in the source code of several software.
Although it is straightforward to create a new instance of an already existing
source code fragment by copying, to identify them manually in an industrial
scale software is complicated, time consuming and sometimes impossible.
Therefore tools that support clone identification are highly desired in the
software development and maintenance life-cycle.

Most theories have already been converted to software tools, called du-
plicated code detectors, but these solutions are based on methods and algo-
rithms, which have been constructed specifically for the imperative paradigm
and its mainstream languages, whilst in functional programming only a few
exist. If the Erlang programming language is taken into consideration, only
one usable solution is present, which can be used on legacy code. Therefore
my goal is to elaborate the missing approaches for Erlang to fade away the
lack of different duplicated code detectors.

In my thesis, I review the topics related to code clones, and 1 present
my general algorithm that was constructed by abstracting from existing ap-
proaches, with which I highlight the common parts of different theories. Be-
sides studying the proposed techniques and trying to adapt them to Erlang,
I present a new algorithm for accurate clone detection, which has been suc-
cessfully evaluated on open-source projects. Furthermore, I try to adapt an
existing approach to the characteristics of Erlang and I also present a sketch
of an algorithm that may efficiently be used to detect plagiarism. Hereupon,

I also discuss and compare the constructed approaches in detail.
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Introduction

Duplicated codes or clones [38] are fragments of source code within a software
which are similar or identical to each other. The occurrence of clones indicates
bad design or development methodology, it greatly reduces the code quality
and increases the risk of errors, hence the maintenance costs.

The manual localisation of clones can be a tough challenge for any devel-
opment team, even in small programs, but in large-scale software it is almost
an impossible task, because every part of the source code becomes a poten-
tial duplicate, and has to be compared with every other part. This results in
a number of comparisons growing exponentially with the size of the source
code.

Clone detectors [15], 20} BT, B7, B39)] are helping with the identification of
duplicates. The applications are based on different theories for the analysis of
the source code, such as code tokens analysis [24], syntax tree analysis [I1], or
combining several metrics [34]. Not surprisingly, given the practical interest
of clone detection, the majority of these methods and algorithms have been
proposed specifically for mainstream programming languages, which are all

imperative languages.

Motivation

In the context of functional programming, only a very few clone detectors

are available, such one [14] developed for Haskell, and [29] for Erlang.
Erlang [4, @] is a lesser-known declarative programming language, but

it is widespread used by several companies for various purposes, such as

telecommunication, gambling and on-line betting. Therefore millions lines of
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legacy code exist, written in Erlang, and are likely to contain a huge number
of clones. Clones can result in several bugs and inconsistency during software
maintenance, thus programmers should be aware of the existing clones in
the software at least. My goal is to propose approaches that are capable of
handling real-world code in Erlang.

In my thesis, I review several techniques proposed to point out clones, and
I try to specialise one of them on the characteristics of Erlang, in order to
provide more accurate results. I use the representation of Erlang programs
defined by RefactorErl to construct approaches. Furthermore, I present a
novel algorithm that is capable of handling real-world code. I describe the
parts of my algorithm in detail, and I assess various realisations of my algo-
rithm. I evaluate both the specialised algorithm and mine on an open-source

project.

Structure and notation of the thesis

The rest of the thesis is arranged as follows. In Chapter [I} concepts related to
clones are reviewed, then I introduce my own abstract, general algorithm of
duplicated code detectors, finally some published techniques are summarised
by using the introduced abstract algorithm. In Chapter [2| I briefly introduce
the characteristic properties of the Erlang programming language and the im-
portant features of RefactorErl. Three algorithms are presented in Chapter 3]
one of which is my own algorithm. The realisations of these algorithms, their
optimisations and some general utilities are shown in Chapter 4l In Chap-
ter b I evaluate the presented algorithms. In Chapter [0 the existing clone
detector for Erlang is compared with my approach. I propose some optimi-
sations to my algorithm in Chapter [7} Finally T summarise the main results
of my thesis and conclude my work.

This thesis deals with an area of computer science not familiar to many
readers, hence many notions are presented in the following manner, and re-
ferred for example, by Additionally, I assume that the reader is familiar
with Erlang.



DO0.1. Sample definition. Description of the definition.

Algorithms presented in the thesis are described using pseudo-code ac-

cording to the following.

if ¢ > mazval then
# This is a comment
140
else
if 7 + k < maxval then
1< 1+k
end if
end if

Algorithm 0.1: Algorithm Example

Erlang source fragments are shown in the following manner.

>
quick_sort ([]) ->
(1;
quick_sort([H | T]) ->
quick_sort([ X || X <- T, X < H 1) ++ [H]

++ quick_sort([ X [| X <- T, X >=H 1).

-

=

S

Erlang source 1: Example of Erlang source

Code clones are shown in the following manner.

/ First instance
f()-> this_is_the_first_instance_of_the_clone.

/ Second instance

f()-> this_is_the_second_instance_of_the_clone.
[

=

(A5

Erlang source 2: Example clone consists of two instances



Chapter 1
Clone detection

In this chapter general notions and problems are presented regarding to
clones. I present my own abstract algorithm to detect code clones in Sec-
tion [1.4] which is used to review several published techniques in Section

1.1 Occurrence of clones

D1.1. Codebase. The sum of source code maintained by an organization

1s called codebase.

D1.2. Duplicated code. In information technology, duplicated code (also
called code duplicate, duplicate, code clone or simply clone) is a fragment of

a source code that occurs multiple times within the codebase.

D1.3. Identical clones. Clones whose source fragments are identical to

each other are called identical clones.

D1.4. Similar clones. Clones which can be refactored into each other by
generalising its source are called similar clones. Thus, identical clones are

special similar clones.

There are multiple reasons for the occurrence of clones.
Most clones are the results of “copy&paste programming”. Programmers

easily make the mistake of copying and adapting existing implementations



of algorithms instead of generalising them and providing thus a general al-
gorithm with specialisations for the new task and the existing ones.
Duplicates can also be the result of plagiarism. Students learning com-
puter science usually must develop many applications during exams or as
homework, and usually it is expected that the software is the student’s own
intellectual work. However, occasionally the students do not fulfil this expec-
tation, but rather copy the work of fellow students, and submit them as their
own work, sometimes even without the knowledge of the original author. The
original source is usually modified to hide from copy detection (with more or

less success), and the copies have an almost identical functionality.

1.2 Duplicated code detectors

D1.5. Duplicated code detector. A duplicated code detector (also called
duplicates detector, clone identifier, clone detector, or duplicated code detec-

tion software) is an application for detecting duplicated code in the codebase.

There are several duplicated code detectors with different functionalities.
The programming language and the programming paradigm of the source
code, the properties of the duplicates, the implemented matching algorithm

may result in differences in the result of the duplicated code detection.

1.2.1 Applications

D1.6. Anti-unification. The generalised source fragment of a group of
clones, with which the clones can be refactored into each other, is called anti-

unification.

D1.7. Duplicate elimination. Duplicate elimination is the manual or au-
tomated process where by clones are replaced by instances of their anti-unifi-

cations, leaving the behaviour invariant.

A duplicated code detector can be applied in many areas, including plagia-

rism detection. They are also excellent in finding duplicates in legacy source



code acquired from different organisations, providing better code quality,
smaller file sizes and better maintenance. Indeed, by eliminating duplicates
the possibility of errors is also reduced, since all maintenance operation can
be performed on a single code fragment.

By using duplicated code detectors, the creation of duplicates can also be
avoided. Let us assume that the revision control system used by the codebase
supports creation of new versions with preconditions. Setting a precondition
on the repository to be duplication-free eliminates the possibility of upload-
ing clones, hence the degradation of code quality. (The precondition can be
verified by performing analysis on the revision.)

We can also choose to retain the duplicates, but in this case, particular
attention should be paid to apply changes either to all or no occurrence of

the duplicate. This can also be monitored using duplicate detection software.

1.3 Related principles of software development

1.3.1 DRY

According to the DRY (Do not Repeat Yourself) principle [22], representa-
tion of all pieces of a knowledge must be unique and unambiguous inside the
codebase. If the DRY principle is followed, modifications of the codebase can
be applied easily, quickly and safely, because every modification must only
be applied in one location except some cases (e.g.: adding a constructor to a
data type). If the codebase contains clones, the foundations of the principle

have been breached.

1.3.2 Rule of three

The Rule of Three principle was introduced by Martin Fowler in his widely-
known book, titled Refactoring [32]. It is more permissive than the DRY
principle by allowing single duplicates in the code. As a refactoring guideline,
it suggests that the duplicated code segment must only be extracted to a

subroutine when used for the third time. This means that finding clones in



the codebase does not necessarily mean the violation of the Rule of Three

principle.

1.4 The general algorithm

Several duplicated code detection techniques [38] were published in the past
decades. By unifying those algorithms, an abstract, general algorithm can be
constructed, which highlights the common parts of the different methods, as
shown in Algorithm

It relies on three functions:

e CandidatesGenerator produces the set of clone candidates,
e InitialClonesDetector creates the set of potential clones,

e FilteringAndTrimmingUnit forms the resulting clone set.

function DUPLICATEDCODEDETECTOR(Sources)
Candidates < CANDIDATESGENERATOR(Sources)
InitialClones < INITIALCLONESDETECTOR(Candidates)
Clones < FILTERINGANDTRIMMINGUNIT(InitialClones)
return Clones

end function

Algorithm 1.1: General duplicated code detector

It is noteworthy that the algorithm is the composition of three functions,

hence it cannot be easily parallelised.

1.4.1 Producing clone candidates

D1.8. Clone candidate. A clone candidate is a set of possible duplicate
occurrences derived from source code fragments that have been transformed
to the inner data representation of the matching algorithm, from which the

algorithm produces the initial clones|D1.9.

Duplicated code detecting algorithms usually do not operate directly

on the source code, but rather on an abstract inner representation. The
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CandidatesGenerator function is responsible for the creation of the abstract
representation and the clone candidates. The signature of the function is the

following;:
CandidatesGenerator: Sources — Candidates,

where Sources is a set of Source, where Source represents the content of
a source code, as a sequence of Tokens. The string of Token represents a

fragment of a source code. The described type is shown structurally below:
Sources = set(Source) = set(seq(Token))
CandidatesGenerator assigns the following computable value to each S:
CandidatesGenerator(S) = Combine(Transform(S)), S C Sources

where Transform is a function that is responsible for transforming the orig-

inal source code to the transformed inner representation;
Transform : Sources — TransformedSources

The type of the inner representation is TransformedSources, which is a
power set, called TransformedSource, whose elements are called Unit. Unit
is a sequence, which is built up from transformed Token, called

TransformedToken. The TransformedSources type is described structurally

below:

TransformedSources = set(Trans formedSource) = set(set(Unit))

= set(set(seq(TransformedToken)))

Combine is responsible for composing the transformed source to form the

clone candidates.

Combine : TransformedSources — Candidates

11



Candidates is a set of Candidate, where each Candidate is a set, whose
elements represent the instances of a clone. The type of Candidates is de-

scribed structurally below:

Candidates = set(Candidate) = set(set(seq(Unit)))

1.4.2 Determining initial clones

D1.9. Initial clone. The initial clones are the subset of clone candidates
which is derived using predefined rulesets, procedures and heuristics

by the InitialClonesDetector operation.

Usually the set of clone candidates is too large to be amenable to de-
tailed analysis, therefore algorithms try to narrow down the set for exam-
ple, by applying predefined rules and heuristics of the used technique. The
InitialClonesDetector operation is responsible for this, and has the fol-

lowing signature:
InitialClonesDetector : Candidates — Candidates

The operation results in a set, denoted by InitialClones, which is a subset
of Candidates, provided by the CandidatesGenerator. This result is the
subject of further analysis. However, in practice the number of elements in
the initial clone set is still too large, and therefore unusable. Further selection

may be applied using different technique.

InitialClonesDetector(Cands) = InitialClones
Cands, InitialClones € Candidates
InitialClones C Cands

12



1.4.3 Filtering and trimming initial clones

D1.10. Filter evaluation. The evaluation of a filter is the production of

the solution set on the set of the initial clones:

filter : Candidates — L, [ filter] ::= {c|c € Candidates, filter(c) = true}.

The FilteringAndTrimmingUnit component is responsible for further
narrowing down and transforming the initial clones, producing the final result
of the algorithm. This component is optional, if the set of the initial clones
is narrow enough, then the ordering rule of the FilteringAndTrimmingUnit
should be the identity function. A solution is shown in Section which
consists of two components.

Usually clone detectors are built up from different techniques to strengthen
their efficiency and to refine their results. In practice, clone detectors utilise

separate techniques for the second and the third component.

Filtering AndTrimmingUnit : Candidates — Candidates

Evaluating filters (D1.10) on the set of initial clones provides a subset
on which trimming is performed to split large clones into multiple instances

according to predefined rules as follows:

Filtering AndTrimmingUnit = FilteringUnit o TrimmingUnit

The trimming unit has a predefined, finite set of trimming functions, as
mentioned above. Each trimming function is responsible for examining clones
from the aspect of its rule. Such rule can be for example, that an instance
of a duplicate must occur in the body of a function. Whether an instance
violates this rule, the instance and all its occurrences has to be split into two
distinct set along Units.

Another example is presented in Section [3.1) where the applied techniques

13



of the first two components are very abstract, so the trimming unit is essential
to narrow down the scope of the duplicate instances along Units.
FilteringAndTrimmingUnit results in a set, in which every element con-

tains the occurrences of a single clone. This is the result of the algorithm.

1.5 Existing approaches

The techniques used by a duplicated code detection software are the con-
crete realisation of the components presented in the previous section. The
techniques for each component can be chosen independently from each other
and varied as long as their composition is well-typed. In this section, I show

techniques that can be used as the realisation of each component.

1.5.1 Producing clone candidates

D1.11. Unit of an instance. The units of an instance (of a duplicate) are
code fragments. The unit means the same as type Unit represents, which is
described in Section [1.4.1).

The technique for choosing clone candidates impacts significantly the re-
sult of the algorithm. In practice, units of an instance (D1.11)) can be either
a line in the source code, a lexical or syntactical unit, or even a subtree of a
syntax tree.

The choice of the unit determines the smallest possible code segment that
can be detected as a duplicate. If the unit is too large, the search becomes
insensitive to small sized duplicates. If it is too small, the size of the clones
increases, hence the amount of clone candidates may become unmanageable,
due to a combinatorial explosion, and the majority of the detected clones be-
come useless. For example, if function definition has been chosen as unit, then
clones that are only partially form function definitions become undetectable.

After selecting the unit, both the source code transformation method
(defined as Transform in Section and the composition of the clones

(defined as Combine) must be specified. The transformation must be carried

14



out in such way that the generated item can still be identified in the original
source code. The composition is not necessarily defined in the algorithm as

a general composition method exists.

D1.12. General composition method. Let us take a sequence of unit
by preserving the order among its elements and by cutting along a
meaningful boundary. This results in sub-sequences that can be considered as
a set of sequences. The elements of this set are then organized into pairs
according to some predefined strateqy. These pairs are the resulting clone

candidates.

In practice, a sub-sequence can be matched to a syntactic structure (e.g.:
function, token). The following techniques can be utilised to construct the

first component of a clone detector.

Line-based detection

The simplest approach for clone detection is line-based detection. It occurs
when the selected unit is the line of the source code. The content of the line,
represented as string, should be hashed, as working with hash values is more
efficient than working with the original strings. For the production of clone
candidates, the general composition can be used.

However, this method is rarely used, because it is not efficient enough
and can find such clones that are not form a syntactic structure, therefore I

will not discuss it here.

Token-based detection

D1.13. Suffix tree. A suffiz tree is a data structure that represents the

suffizes of a given string.

D1.14. Generalised suffix tree. A generalised suffiz tree (also called ex-
tended suffiz tree) is a data structure that represents the suffizes of a given

set of strings.

Token-based clone detection uses lexical units of the source code as base

units. Tokens are transformed according to their characteristics over an ab-

15



stract alphabet. The transformation function is not required to be injective,
but the length of each word of the alphabet should be minimised. If the
transformation is based on the type of the lexical unit, the code fragments
created by simple renaming automatically become identical.

After transformation, the general method can be used for compo-
sition, but there is also a different solution. An extended suffix tree
can be constructed from transformed tokens. This construction results in that
the suffix tree becomes the set of clone candidates, where all the occurrences
of each duplicate can be gathered as a sub-suffix tree [21].

This technique is used by Wrangler [29] and the previous, unstable, un-
finished prototype within RefactorErl.

Syntax based detection

D1.15. Fingerprint. A fingerprint is a (nearly) unique generated bit se-
quence that is significantly smaller than the original value. It is generated by

a fingerprinting function, which does not need to be injective.

D1.16. Sequence database. The sequence database is a special collection.
Contrary to reqular database systems, where queries return exact results, the
queries in sequence databases are usually based on probability measures and

return sequences that are similar to the given sequence.

Syntax based detectors usually come in two variants: Block-based methods
use program blocks as the unit of the instance, whilst function-based methods
use function bodies. The source code is partitioned and transformed accord-
ing to the chosen unit. Usually the transformation results in a hash value or
fingerprint . Even a sequence database can be constructed
from the transformed units.

In the latter approach further composition is usually not required, since it
is quite rare for duplicates to reach beyond the scope of a function. Composi-
tion would only increase the amount of candidates, without any meaningful
difference in the result. Another possibility is to pair each unit with every
other. If the unit of clone candidates is a smaller syntactical unit, the general

composition (D1.12)) may also be used.
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The algorithm described in [36] operates on the blocks created from the
sequence of statements, and uses fingerprints and sequence database to detect

clones.

Detection based on the abstract syntax tree

The initialising step of AST based detectors is the construction of the abstract
syntax tree. A sub tree representing a syntactical structure can be chosen as a
unit. If no transformation is performed, every possible matching of the units
will produce the set of clone candidates. This case corresponds to the general
subgraph isomorphism problem [17|, which is NP-complete and not specified
in this thesis.

Another possibility is the transformation of the sub-trees into simple val-
ues, thereby flattening down the syntax tree, and using the general compo-
sition to produce the candidates. In case the syntactical structure chosen
for the units is too large, it is suggested to pair every unit with every other
to form the clone candidates. The constructed abstract syntax tree should
also be preserved, as the information inside it may be used by the detection
algorithm to provide more precise results.

This technique is used by [34] having functions as base units, and is further
addressed in Section 3.2

1.5.2 Determining initial clones

D1.17. Threshold. A threshold holds the lower border of the similarity. If
the similarity of a candidate is greater than the threshold, then the candidate

s acceptable during the evaluation of candidates.

The initial clone production component of the general algorithm can be
seen as a set of boolean functions aiming to create a subset of clone candi-
dates. The function must in all circumstances be evaluated on pairs of the
clone candidates. The transformation method selected in the previous com-
ponent limits the scope of the functions that can be chosen for this purpose.

In case the transformation used a suffix tree or a sequence database,

17



the initial clone generator is naturally a search algorithm working on the
data structure introduced by the transformation. In the case of a suffix tree,
the algorithm uses the properties of the built data structure, described in
Section In the case of a sequence database, there are multiple choices,
including the usage of the probability queries mentioned in [D1.16] and other
data mining methods specialized for sequential database, as described in [31].

In case the transformation results in binary or text values (e.g., hash-
code, fingerprint, word above an alphabet), the simplest possible matching
function is the equality test. However, equality is usually too strict operation
for initial clone detection. Rather, it is better to use string similarity met-
rics, for example, Levenshtein [28] and Dice-Sorensen 16} 140]. These metrics
express how two strings look alike. Metrics depend on a threshold value (see

D1.17) and are addressed in detail in Section [3.1.3]

The signature of a general boolean function operates on string pairs is:
f: String x String — L

The metric is the m function, and Threshold contains a previously defined

non-negative real number less than one.
m : String x String — [0,1] € R
The truth set of this function is:
[f]:={(a,b)|a € String,b € String, m(a,b) > Threshold}

In case the abstract syntax tree has been constructed during the trans-
formation, metrics describing the source code represented by the syntax tree
can be used. The metrics may characterise the structural, syntactic or se-
mantic properties, complexity, even some properties of the control-flow. As

with string metrics, a threshold must be defined for each metric separately.
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1.5.3 Filtering and trimming initial clones

The set of applicable trimming and filtering algorithms is influenced by the
first two components of the clone detector.

In case the transformation results in binary or text values (e.g., hash-
code, fingerprint, word above an alphabet), the set of initial clones may
contain many false positive matches, due, for example to a non-injective
transformation. Therefore during filtering all decisions according to the initial
clones must be made by considering their original form and environment.

If the initial clones have been produced based on non-specific source code
metrics, it is almost certain that trimming transformations are almost cer-
tainly needed. A frequent trimming condition is when an occurrence of a clone
overlaps a syntactical structure. For example, a duplicate is found that covers
the definition of two functions positioned one above the other in the same
source file. This clone should be cut along the function definition limiters.

In case the function based approach is used with source code specific
metrics, the third component of the algorithm can be skipped, replacing the

FilteringAndTrimmingUnit function with the identity function.

1.6 Moss

The clone detector Moss [39] has been developed at Stanford University since
1994. Its main application area is the detection of program plagiarism by
students. The developers claim that demonstrates the efficiency and accuracy

of the system:

The algorithm behind moss is a significant improvement over
other cheating detection algorithms (at least, over those known
to us). [6]

The efficiency, the effectiveness and the speed of Moss are mostly due to
the production of document fingerprints. It was found that the fingerprint
should include not only the properties derived from the document, but also

properties of the fingerprint itself, including the document and the position
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from which the fingerprint originates. This kind of fingerprint is known as
local fingerprint. For the creation of local fingerprints, the Winnowing algo-

rithm was created.

1.6.1 Winnowing algorithm

The input of the algorithm is a document, from which fingerprint was created,
and two additional parameters: the guarantee threshold value and the noise
threshold value. The output is a list of hashes with position information.
The guarantee threshold (¢) contains a length value, above which all clones
are guaranteed to be in the results. The noise threshold (k) is the minimal
length, below which no clones are collected into the result. With these pa-

rameters the size of the window of the algorithm (w) can be calculated.
w=t—k+1

The steps of the algorithm are broadly the following.

1. Take the content of the document, from which fingerprint is generated.
2. Remove all unwanted elements from the text, for example, whitespaces.
3. Produce a sequence of (k + 1)-grams of the cleaned text.

4. Compute numeric hash values for every element of the sequence. Af-
ter the computation has finished, select those hash values which are
divisible by a fixed p value. The order of the sequence must also be

preserved.

5. Process the selected hash values with a w sized window by choosing
the item whose value is less than every other values occurring in the
same window and then slide the window by a unit. Append the chosen
item to the end of a list which contains already chosen items with its
values, only if the value of the currently chosen item is not equal with

the value of the last list item, otherwise drop the chosen item.
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This selection method is described in detail in [39]. The list of items with
minimum values is the fingerprint of the document. Every element of the list

contains the hash value and the hash position indexed from zero.
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Chapter 2

Erlang & RefactorErl

In this chapter, I briefly discuss the the characteristic properties of the Erlang
programming language. Hereupon, the important features of RefactorErl are
highlighted.

2.1 Erlang

Erlang is a declarative, dynamically typed, functional programming language
which was designed to develop soft real-time applications. The language of-
fers built-in support for distribution and concurrency based on asynchronous
message passing, and a synchronous message receiving construction.

The compilation unit of Erlang programs is called a module, which is built
up from attribute forms and function definition forms that are ended by the
. token. Only the function definition forms are important for the presented
algorithms, so only those are detailed in the following.

The encapsulating module, the name of the function, and the arity of the
function can identify uniquely a function in Erlang. As in other functional
languages, pattern matching features are prominent way to define functions
by case. The cases of a function definition are called function clauses, and
they are separated from each other by the ; token. If a function is called,
then the control passes to the first function clause of its definition: matching

the arguments and satisfying its guards. A one-arity function which consists
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of four function clauses is shown in Erlang source

I Y
fibonacci(List) when is_list(List) ->

[fibonacci(ListItem) || ListItem <-List ];
fibonacci (0) ->
0;
fibonacci (1) ->
1
fibonacci(N) when is_integer (N) andalso N>1 ->
DummyVar = 1,
fibonacci(N-1) + fibonacci(N-2).
[AS /|

Erlang source 3: fibonacci/1 function definition form

A function clause is built up from either one expression, called top-level
expression, or a sequence of top-level expressions as defined in the Erlang
grammar. There are no statements in Erlang, only expressions. Contrary to
statements, expressions have a value.

Other branching expressions, such as case, if, receive and try expres-
sion, are also built up from clauses. For these clauses the properties which
are defined for function clauses analogously hold.

Two kinds of expressions, namely the list comprehension and the record
expression, can be found in the implementation of almost all industrial ap-
plications, thus my algorithm focuses on them, so I briefly introduce these

expressions here.

I o)
[ Expr || Patternl <- Genl, Filterl, .. , PatternN <- GenN,
(cont.)FilterN ]
AS =

Erlang source 4: A general list comprehension

List is a frequently used data structure in Erlang, therefore Erlang helps
programmers handle lists easily. A list comprehension is a built-in language
feature of Erlang to manipulate a list, based on Zermelo-Fraenkel set the-
ory [19]. A general list comprehension is shown in Erlang source [} whose
generators (Genl, ... GenN ) are responsible for producing the base set. The

filters of the list comprehension, namely Filterl, ... FilterN, narrow the
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base sets. Expr, called as a head of the list comprehension, is an expression,
which is evaluated on every element of the generators for which all filters are
true.

Due to its simplified and safe usage, a record is an important preprocessed
language element of Erlang, which is similar to a struct in C. There are four

kinds of record operations which can also be classified as follows:

gathering the index of a record field is a non-modifier record operation;

e accessing a value of a field is a non-modifier record operation;

creating an instance of a record is a modifier record operation;

modifying a value of a field is a modifier record operation.

2.2 RefactorErl

Clone detection is a special static analysis and its precision is hugely influ-
enced by the available information, therefore most duplicated code detection
software do not work directly on the source code, but rather on an abstract
representation derived from it. Such representations include the series of to-
kens and the abstract syntax tree, from which crucial information for the
analysis can be retrieved faster and more efficiently. RefactorErl |7, [13] 43|
is a static source code analyser and transformation tool for Erlang, that pro-
vides a representation that contains even more information about the source
beyond that of the abstract syntax tree.

The main aim of RefactorErl is to support the daily work of Erlang
programmers with both code comprehension and refactoring tools. It pro-
vides the ability to retrieve semantic information and metric values about
the source code, to perform dependency analysis and to visualise the results
of the analysis. It also facilitates code reorganisation with clustering algo-
rithms and several refactoring methods. The incremental and asynchronous
analyser architecture allows the programmer to track source code changes
with limited resources. RefactorErl offers multiple user interfaces to choose
from. It is possible to access a web-based interface, use Emacs or Vim with

RefactorErl plugins, or an interactive console.
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Besides its several static analysis features, RefactorErl provides source
code metrics to check coding conventions and to point out bad smells in the
source code. It has an automatic analyser mode to check the values of certain
metrics during software development and maintenance and report warnings
when some of them violate the predefined rules [25].

RefactorErl provides a user level Semantic Query Language [42] to gather
information about the source code. Metrics are built into this query language,
thus users can easily check the values of certain metrics for a given language
element. For example, you can check the modules violating the design rule:
“A module should not contain functions with more than forty lines of code!”
by evaluating the following query: mods[.funs[loc > 40]].

The source code has to be loaded into RefactorErl in order to be anal-
ysed. The code is first transformed into token series using whitespace- and
layout- preserving lexical analysis, and is then passed on to the RefactorkErl
preprocessor. The preprocessor provides the standard abilities (inclusion of
header files, macro expansions, record handling, conditional compilation, and
line control) and also preserves the the original forms of the preprocessed el-
ements. After preprocessing, the abstract syntax tree is constructed from the
token series based on the syntactical rules of Erlang. Next, semantic anal-
ysers decorate the syntax tree with semantic attributes and links, resulting
in a graph, called the Semantic Program Graph, which is the internal data
model of RefactorErl.

The labelled vertices of the Semantic Program Graph are the lexical, syn-
tactic and semantic units of the source code, while the directed edges between
them represent the lexical, syntactic and semantic relations, for instance,
from an expression to a function an edge labelled with funlref is directed,
if the expression calls the function. Information from the Semantic Program
Graph is gathered by the evaluation of path expressions and traversal of the
graph. For this purpose, RefactorErl provides a complete, high-level API.

The algorithms presented in this thesis use information from the Semantic

Program Graph and metrics of RefactorErl.
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Chapter 3
Algorithms

In this chapter, I present three clone detection algorithms. All of the algo-

rithms are specialised to Erlang and take advantage of RefactorErl.

3.1 AST /metric based approach

In this section, I present a new algorithm [I8| for accurate clone detection.
My algorithm combines a number of existing techniques, but introduces a
novel filtering component, as described in Section [3.1.5] As to my current
knowledge these techniques have never been used specifically in Erlang. A
publication about this algorithm has been submitted to the 15th Symposium
on Programming Languages and Software Tools.

What does clone detection mean intuitively? One may try to compare
every code fragment to every other. The original representation of a code
is too particular, thus generalisation is needed and the generalised form of
code needs to be used. The similarity of each pair of code fragments can
be represented by a matrix. The first component of my algorithm produces
this matrix, which is detailed in Section |3.1.2} From this matrix, the initial
clones can be extracted along diagonals. This is what the second component
of my algorithm does, which is described in Section [3.1.3] Irrelevant clones
can be found among these clones, which are removed by evaluating filters.

The process is the third component of the algorithm, which is described in
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Section B.1.5l The ideas behind each filter have been based on case studies
using Mnesia |2} [33].

The components of the algorithm are the same as the components of the
general algorithm shown in Section [I.4]

The components are the followings:

e CandidatesGenerator produces the set of clone candidates;
e InitialClonesDetector creates the set of potential clones;

e FilteringAndTrimmingUnit forms the resulting clone set.

A one-arity function which consists of two function clauses is shown in
Erlang source 5l This function will be my running example through out this

section.

I N
clone_fun(L) when is_1list (L) ->

ShortVar = L,

A =1,

B = lists:max([I || I<-lists:seq(l, 10)1),
(A == 1) andalso throw(badarg),

self ! B;

clone_fun(_)->
vV = £(g(42)),

LongVariableName = V,
B = lists:max([J || J<-lists:seq(V, V*2)]),
X = fun(E) -> E + B end,
self ! X.
AS =

Erlang source 5: clone fun/1 function definition form

3.1.1 Unit

The generalisation part of the first component of the algorithm is described

in this section.

Choosing the unit

The unit of a clone instance (D1.11)) has to be chosen as cautiously as pos-

sible. One of my goals was to design and construct an algorithm that can
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be successfully used on legacy code, so the source code of several Erlang
programs were studied.

The abstraction level of Erlang is extremely high. Due to this abstraction,
an application written in Erlang is so brief that 1 line of Erlang code can be
expressed with 8 to 10 lines of C code generally. It follows that block-based
algorithms cannot be used. It also follows that the size of the chosen unit
should be small.

Tokens and sub-expressions are small enough to be selected. However,
they are too small to be used efficiently. A function clause is not small enough,

therefore the top-level expression becomes the unit of the algorithm.

Transforming the unit

The program text of a top-level expression is considered too particular, thus
generalisation is needed. A good idea is to use a formal alphabet over a
formal language which can hide unneeded specialisations of the tokens. Al-
gorithm shall be used for generalising.

function TRANSFORMWITHALPHABET(T opLevel Expression)
# € 1is the empty word
Word < ¢
for all Token € TOKENIZER(T opLevel Expression) do
# 7 operator expresses the concatenation between words
Word <— Word - WORDOVERALPHABET(T oken)
end for
return Word
end function

Algorithm 3.1: Algorithm of the alphabet

A generalised top-level expression is a sentence over the fixed alphabet
that is made of the concatenation of words. Every word is produced by the
function WordOverAlphabet based on the type of the token. Tokens are pro-
duced by tokenizing expressions in the same order as given by the lexical
analyser. It is necessary to preserve this order to keep the original character-

istics of an expression. The alphabet of the language is not injective, in order
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to hide unneeded differences, for example, the difference between a variable

and a constant (either a number or an atom).

Example

After generalisation, my running example will be the same as shown in Ta-
ble What we can see there, that every top-level expression got indexed

and generalised.

3.1.2 Matrix

How do code clones occur? Usually, they are the result of “copy&paste pro-
gramming”’. For example, let us assume, that one has copied a three-unit long
sequence and has modified the second unit of the sequence, but the order of
the sequence has been kept.

Usually larger clones are preferred, so we want to collect the three-unit
long sequence as one clone instead of collecting two one-unit long clones.
To be able to do it, modifications should be handled flexibly. My algorithm
works primarily on a matrix, which is a view of the problem, with which the
flexibility criteria can be satisfied. Each element of the matrix expresses the
similarity between two expressions and while a clone is made by preserving
its original, correct order of its elements, the diagonals of a matrix are enough
to be focused on. In other words, the fragments of diagonals are completely
isomorphic to the fragments of code sequences found in the code directly. T

put this idea in perspective in the following subsections.

Introducing the matrix

Let us assume that every top-level expression is numbered (indexed) sequen-
tially, as shown in Table |3.1 By taking the cardinality of the indexes as the
size (denoted by n), a square matrix can be constructed, whose elements
express similarity between the defining rows and columns, which are the top-
level expressions identified by their indexes.

The relation, denoted by Similarity, between two top-level expressions,

satisfies the following properties:
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Sitmilarity is a binary relation.

Similarity is reflexive, namely all values are related to themselves.

Stmilarity is symmetric.

Similarity expresses the equivalence of two top-level expressions in a

significant manner.
e The values are between 0 and 1.

If the symmetric property holds, then only the elements of the lower
triangular matrix need to be computed. If the reflexive property also holds,
it follows that the elements of the main diagonal do not need to be computed.
With these two properties the volume of computation is greatly reduced to
the following cardinality:

1,2

§n —nNn

The algorithm uses Dice-Sgrensen metric [16, 40] for determining sim-
ilarity, which does satisfy the properties of Similarity relation, too. I see
no reason why the metric should not be replaced with other string similarity
metric. If the new metric is exactly a distance, its values should be normalised
into [0, 1] first.

Let Dice-Sgrensen metric be portrayed by the m function
m : String x String — [0...1] C R

Let n be the cardinality of the top-level expressions, A be the n-sized, square
matrix. Let selecttle be a selector function which returns the top-level ex-

pression indexed by the given index. Now, the matrix can be exactly defined:

A, ) m(selecttle(i), selecttle(y))  ifi,j € [1...n],i < j;
i,j) n=
/ 0 otherwise.

The distance of Levensthein [28] can also be selected to use by the algo-

rithm, hence it needs to be normalized. The normalised values comes from
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j+3| 0 0 0 0 1.0
n

Figure 3.1: Similarities are represented by a matrix

the following equation. Let m be the value of the Levensthein distance com-
puted for s; and s which are strings and whose lengths are a and b. We

have

norm(m) == —————, if m € [max(a, b) — min(a, b), max(a, b)]

Example

Let us consider the following code fragments that are shown in Table
with indexes. By using Dice-Sérensen metric the matrix can be constructed,

whose relevant part is shown in Figure |3.1

Patterns in the matrix

What we expect, that the clauses are clones of each other, except that the
(i-1)-th line differs from the (j-1)-th line and the (i+2)-th line also differs
greatly from (j+2)-th line. Therefore, it can be said, that 3 clones are present:
the first one is a one-unit long pair, namely ([i-1], [j]), the second one
is also a one-unit long pair, namely ([i+3], [j+3]) and the third one is a
two-unit long pair, namely ([i, i+1], [j,j+11).

What we expect, that the following pairs are related to each other ac-

cording to relation isClone:
Loooili=1,), ,4), (4 1,5 + 1), (i3, +3),... } = isClone
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In practice, the one-unit long clone pairs are not interesting and multi-
unit long clone pairs should be focused on.
Let us assume that the starting units of a k-unit long clone pair can be

found on the a-th, and b-th indexes (k is a positive, fixed integer). Then
{la+i,b+1i)|ie[0...k—1] C Z} CisClone

As observed by Baxter [10], every pair in the defined set is an element of
the matrix, and based on a k-unit long clone pair one of the diagonals of the
matrix can be partially formed.

What we cannot find in inter-diagonals (inside a diagonal) is the follow-
ing. Let us assume that the first clause of clone_fun/1 is the same as shown
in Table [3.1], but its second clause contains one newly inserted top-level ex-
pression. The new definition of clone_fun/1 is shown in Table

The ([i+3], [j+4]) clone pair and the ([i, i+1], [j,j+1]1) clone pair
are in different diagonals. If the instances of a clone differ from each other
in that way, then the full clone cannot be collected from the same diagonal,
for instance, when the cardinality of inserted, deleted or rewritten top-level
expressions differ from each other.

To summarise, instead of finding any pattern in the matrix, it is enough to
search in diagonals. Although a full clone cannot be collected from the same

diagonal in every case, its parts can be collected from different diagonals.

3.1.3 Determining initial clones

In this section, T describe a parallel, efficient algorithm for determining initial
clones.

As demonstrated in a previous example with Table a clone may be
divided into sub clones due to insertions, deletions or other kinds of mod-
ifications. It would be practical if a full clone could be gathered somehow,
therefore I need to add a new parameter, called the invalid sequence length.
An invalid sequence length is the maximum length of a sequence whose mid-
dle elements can differ more from each other than threshold would allow.

This limitation to the elements is naturally needed because of the beginnings
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and the endings of the clones should be similar to each other. By introducing
invalid sequence length, one can customise the allowable maximum deviation
of a clone.

Now, I am able to define exactly the isClone relation which expresses
whether two units are considered to be clones of each other. The Dice-
Sgrensen metric is portrayed by the m function, and Threshold contains
a previously defined non-negative real number less than one. Let isClone be

a general Boolean function operating on string pairs.
1sClone : String x String — L
The truth set of this function is:
[isClone| ::= {(a,b) | a € String,b € String, m(a,b) > Threshold}

As shown in Section it is enough to focus only on the diagonals,
thus, if the set of diagonals is constructed first, the elements of the set can
be computed in parallel, because every element of the matrix is affected by
only one complete diagonal.

Let n be the cardinality of the top-level expressions, then the set of diag-

onals is the following:
Diagonals ::= {{(i,1),(i +1,2) ..., (n,(n—i+1))) |i € [2...n]}

Working with diagonals has a deficiency: the gathered instances of a
clone can overlap the natural boundaries of the clone. The overlap should
be avoided if possible, so a boundary needs to be defined as a trimming rule
of the production of initial clones, as follows: every top-level expression of a
clone must belong to the same function clause per instance. This rule works,
because function clauses act like natural boundaries.

Algorithm for calculating the initial clones is detailed below. The

inputs of the algorithm are the followings:

e N is the cardinality of the top-level expressions,
e T is the value of the threshold,
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e InvSeqLength is the maximum length of a sequence which is built-up

with invalid items.

The output of the algorithm is a set of the initial clones which are pro-
duced in parallel, so a union is needed to be constructed from them by
“adding” them together.

Every diagonal is calculated in parallel in Algorithm [3.2] where the local
variables are independent from each other, so no interference can happen
between the parallel processes.

The algorithm never enters an infinite loop; it always terminates due to
the iterations which are based on items, which are pre-calculated, cannot be

expanded and also the cardinality of the items decreases at each iteration.

e SelectTlePairs is a function returning a pair of indexed top-level

expressions, whose indexes are given as input.

e isClone is a function which determines if the given pair can form a
clone by examining whether the calculated metric is greater than the

given threshold.

e isSameClone is a function which determines if the given pair can be ap-
pended to the actual clone (InitialClone). A pair can be appended to
the given clone only if the top-level expressions of the resulting clone be-
long to the same function clause per instance. This limitation is needed,

because as mentioned above, overlapping must be avoided.

e Trim is a function which trims the beginnings and endings of the given
pair. It is needed because invalid items may occur in the forming se-
quence of a clone. Invalid items are only allowed in the middle of the
sequence, as described above, so the beginnings and endings of a pair

must be cut out.

36



function INITIALCLONESBASEDONDIAGONALS(N, T, InvSeqLength)
Diagonals < {((1,1),(t +1,2) ..., (N,(N —i+1))) |t €[2...N]}
parallel for all Diagonal € Diagonals do
InitialClones < ()
# () is the empty sequence
InitialClone < ()
InvSeqCount + 0
for all Index € Diagonal do
TlePair < SELECTTLEPAIRS(Index)
if ISCLONE(TlePair,T) then
if 1ISSAMECLONE(InitialClone, TlePair) then
# @ operator express the concatenation between sequences
InitialClone «+ InitialClone ® (TlePair)
InvSeqCount < 0
else
InitialClones < InitialClones U TRIM(InitialClone)
InitialClone < (TlePair)
InvSeqCount < 0
end if
else
if InvSeqCount < InvSeqLength A
1ISSAMECLONE(InitialClone, Tle Pair) then
InitialClone < InitialClone @ (TlePair)
InvSeqCount < InvSeqCount + 1
else
InitialClones < InitialClones U TRIM(InitialClone)
InitialClone «+ ()
InvSeqCount < 0
end if
end if
end for
return InitialClones
end parallel for

end function

Algorithm 3.2: Parallel algorithm of the initial clones detector




The main cases of the algorithm are detailed below.

e If both isClone and isSameClone returns true, the actual clone is
extended with the examined pair and the cardinality of invalid items

becomes zero.

e If isClone returns true isSameClone returns false, the trimmed actual
clone is added to the result set, the examined pair becomes a one unit

long clone and the cardinality of invalid items becomes zero.

e If isClone returns false and isSameClone returns true, the followings
can happen. If the actual clone is not empty and the cardinality of
invalid items is less than the allowed one, then the trimmed actual
clone is extended with the examined pair and the cardinality of invalid
items is increased. Otherwise the trimmed actual clone is added to the
result set, the actual clone becomes empty and the cardinality of invalid

items becomes zero.

e If isClone returns false and isSameClone returns false, the trimmed
actual clone is added to the result set, the actual clone becomes empty

and the cardinality of invalid items becomes zero.

Example

The three initial clones which are detected by the described algorithm with

using 1 for invalid sequence length are shown below:

1. 7/ First instance

LongVariableName = Var

/ Second instance

ShortVar = L

2. ) First instance

A =1,

B = lists:max([I || I<-lists:seq(l, 10)1),
(A == 1) andalso throw(badarg),

self ! B}
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/ Second instance

LongVariableName = Var,

B = lists:max([J || J<-lists:seq(Var, Varx*2)]),
X = fun(E) -> E + B end,

self ! X

3. J First instance
A =1

/ Second instance
ShortVar = L

Alternative method

A more efficient way might be to exploit transitivity in calculating the ele-
ments of the matrix. In order to do so, we need to replace the string similarity
metric with a transitive relation.

Let us assume that isClone is a binary relation between duplicates. Two
items are duplicates of each other if the value of the Dice-Sgrensen metric
(DC) computed for them is greater then 0.3. The relation isClone is not
transitive because of the intransitivity of the string similarity metric, consider

the following example:

DC("aabb”,”bbec”) = 0.33 > 0.3 = ("aabb”,”bbcc”) € isClone,
DC("bbec”,"cedd”) = 0.33 > 0.3 = ("bbec”,”cedd”) € isClone,
DC("aabb”,”ccdd”) = 0.0 < 0.3 = ("bbec”,”cedd”) ¢ isClone.

3.1.4 Providing only accurate results

Before I describe the final part of the AST /metric based approach, we should
discuss a general problem of presenting only valuable clones to the user. In
practice, the set of initial clones is too large and contains many false positive
or irrelevant clones, therefore further operations are needed to narrow down

the result set to serve the user only valuable, relevant clones as results.
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First of all, we should notice the difference between false positive and
wrrelevant clones. False positive clones are such clones that are not real clones
in fact, whilst irrelevant clones are real clones, but they are absolutely useless.

Exemplars of both kinds of clones are shown in Figure |3.2

’ False positive clone \ Irrelevant clone ‘

4 First instance
new_cg() ->
#callgraph{}.

/ First instance
f(List) ->
1+length(List) .

/ Second instance

g() ->

J Second instance
new_plt () ->

i !
Pid ! message. #plt{}.

Figure 3.2: Exemplars of false positive and irrelevant clones

Clone detection algorithms focus only on false positive clones during filter-
ing, and do not deal with irrelevant clones usually. My goal was to construct
such an algorithm which users can easily notice important clones with, so I
have tried to filter out any clones serving no useful purpose. I have observed
that the complete result of the algorithm can be ruined by a huge amount of
irrelevant clones, because the user is not capable of distinguishing important
clones from irrelevant clones while he/she is being swamped with worthless
details.

Hereupon, none of the published papers proposed a standalone solution
to this problem. Jurgens et al. have proposed an iterative, configurable clone
detector, called ConQAT, that contains a filtering system [23]. ConQAT can
remove repetitive generated code fragments and overlapping clones by it-
eratively reconfiguring and rerunning its initial clone detector. Contrary to
ConQAT, my approach, which is detailed in Section is a standalone
filtering system, thus it can be plugged into an initial clone detector and
necessitates neither iterative evaluation nor reproductions of initial clones
to filter out irrelevant clones. Although my approach is an Erlang specific
solution, that can also be tailored to efficiently deal with the typical useless

clones of other programming languages.
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3.1.5 Filtering and trimming unit

As the part of the AST /metric based approach a parallel algorithm for a new
filtering system has been introduced, which is detailed in this section.

There exists an important difference between one-unit long, and multi-
unit long clones. Due to the high abstraction level of the formal language,
used to tokenise the program text, and the usage of the similarity metric,
lots of false positive and irrelevant clones appear in the set of initial clones,
if only the one-unit long clones are taken into consideration. It follows that
the filters for one-unit long clones need to be stricter than the filters for the
multi-unit long clones.

As described in Section the initial clone detector of the algorithm
exploits the advantages of invalid sequence length to point out such a clone,
which cannot be found by regular algorithms, for instance, an algorithm that
primarily works on a suffix tree to gather the initial clones. This asset should
be preserved, thus invalid sequence length is also used in the filtering unit to
process the multi-unit long clones. During the filtering, it can happen that
a multi-unit long clone is split into a one-unit long clone and the rest of the
multi-unit long clone. In this case, the one-unit long clone has to be processed
also by the filters that are relevant for one-unit long clones.

As mentioned in Section RefactorErl provides ready-to-use source
code metrics and a Semantic Program Graph which is rich in information
and easy to query. Thus every filter concentrates on only one characteristic
of the code, computed by using the libraries of RefactorErl. The filters are
detailed in Section B.1.5l

A clone appears in the result set of the algorithm only if it meets all the
requirements which are stated in the corresponding filters. For all clone in

InitialClones, we have:

/\ Filter(clone) = clone € ResultClones
FiltercFilters

Crucially, if any of the requirements of the filters cannot be fulfilled, the

clone is dropped. That makes my filtering system easily extendible and also
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very efficient, because the evaluation of filters is short-circuit.

The basic idea behind the algorithm is shown in Algorithm which is
detailed in Algorithm by focusing only on the one-unit long clones and
detailed in Algorithm by focusing only on the multi-unit long clones.

function FILTERINGANDTRIMMINGUNIT (I nitialClones, InvSeqLength)
Clones + ()
parallel for all Clone € InitialClones do
if ISONEUNITLONGCLONE(Clone) then
Clones < FILTERSFORONELONGS(Clone)
else
Clones < FILTERSFORMULTILONGS(Clone, InvSeqLength)
end if
end parallel for
return Clones
end function

Algorithm 3.3: Filtering and trimming unit of the algorithm

function FILTERSFORONELONGS(Clone)
if Apiter Pune Fitter Funst FILTERFUN(Clone) then
return {Clone}
else
return {0}
end if
end function

Algorithm 3.4: Filtering and trimming unit of the one unit long clones

The input of the algorithm is the set of the initial clones and the invalid
sequence length which is built-up from invalid items. The execution can run
in parallel on initial clones, which are given as input to Algorithm [3.3] The
algorithm always terminates due to the number of iterations are based on
the amount of the given clones. The output of the algorithm is a set of clones
which are produced in parallel, so the result of the algorithm is comprised of
the separate result sets.

A bit more explanation is needed for the FurtherTrim function. This
function is responsible for trimming invalid items from the beginnings and

endings of the given clone. The result of a trimming operation is a set, whose
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function FILTERSFORMULTILONGS(Clone, InvSeqLength)
Clones < 0
AClone + ()
InvSeqCount < 0
for all Unit Pair € Clone do
if Apiter Fune Fitter Funs« FILTERFUN(Unit Pair) then
AClone < AClone & (UnitPair)
InvSeqCount <+ 0
else
if InvSeqCount < InvSeqLength then
AClone < AClone & (UnitPair)
InvSeqCount < InvSeqCount + 1
else
Clones < Clones U FURTHERTRIM(AC one)
AClone < ()
InvSeqCount < 0
end if
end if
end for
Clones < Clones U FURTHERTRIM(AC one)
return Clones
end function

Algorithm 3.5: Filtering and trimming unit of the multi-unit long clones

one-unit long clones are further filtered by the FiltersForOneLongs func-
tion, to check if the stricter filters, defined to deal with one-unit long clones,

can be satisfied by these clones.

Description of the defined filters

In this section the filters used by the algorithm are presented. The filters can
be categorised into three groups. The first group is used on one-unit long
clones, the second group deals with multi-unit long clones, and the third
group is applied to every clone.

The ideas behind the filters were based on separate case studies on the
detected initial clones of a real life application, called Mnesia [2], 33]. Mnesia,
written in Erlang, is a database management system and belongs to the

standard Erlang/OTP library. Thanks to our filtering system, all irrelevant
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clones, which are shown as exemplars of filters in this section, appear only
in the set of initial clones found in Mnesia and are not present in the final

result set.

Filters for one-unit long clones

The Simple Ezxpression filter is responsible for dropping a pair of top-level
expressions, if one component of the pair is an atom, a number, a character, a
variable, a list, a tuple, a record operation or a function application at least.
It may seem too strict, but, in practice, nobody cares about clones like the

following one shown in Erlang source [6]

=

/ First instance
Res
/ Second instance
false

S

S

Erlang source 6: An example for the Simple Expression filter

The Simple Match filter is responsible for dropping a pair of top-level

expressions in the following cases:
e only one component of the pair is a match expression;

e both are match expressions with right-hand sides that would be dropped
by the Simple Expression filter;

e both components are match expressions with such right-hand sides,

whose referred functions differ from each other.

An exemplar is shown in Erlang source [7]

The Simple Send filter is responsible for dropping a pair of top-level
expressions, if only one component of the pair is a send expression or if both
components are send expressions with right-hand sides that would be dropped

by the Simple Expression filter. An example is shown in Erlang source [§
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=

/ First instance
true = ets:foldl(Insert, true, Tab)

/ Second instance

DelObjs = mnesia_lib:db_get (Tab, K)
S

(S

Erlang source 7: An example for the Simple Match filter

/ First instance
ReplyTo ! {self(),Done}

/ Second instance

Pid ! {self (), more, Slot}
S |

Erlang source 8: An example for the Simple Send filter

Filters for multi unit long clones

First, notice that a clone is examined here in such a way, that all filters are
separately evaluated on all its units (see Algorithm , that are pairs of
top-level expressions. If a pair exists that cannot satisfy all the filters, then
the clone is trimmed further. While studying filters for multi-unit long clones,
this notice should be kept in mind.

The longer a clone is, the more important it is, thus the constraints of
the filters for multi-unit long clones need to be weaker and also more flexible,
than the constraints of the filters for one-unit long clones. Therefore, I have
introduced a new filter type, called compound filter (D3.1)), which satisfies the
previously stated requirements. The algorithm benefits from using compound
filters while dealing with multi-unit long clones, because these filters find the
dominant part of an expression, so the evaluation of the filter shows relevant

result.

D3.1. Compound filter. A filter is a compound filter if it is evaluated in
the following way. If the kind of the examined expression is a match expres-
sion or a send expression, then instead of the given expression, its right-hand

side 1s taken into consideration.

The Same Right-hand Side filter is responsible for dropping a pair of
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top-level expressions in the following cases:
e only one component of the pair is a send or match expression;

e both components are send or match expressions with right-hand sides

of the following kinds: atom, number, character, variable or string;

e both components are match expressions with such right-hand sides,

whose referred functions differ from each other.

For instance, consider Erlang source [J]

5
/ First instance
Dist2 = incr_node(Node, Dist)
/ Second instance
Tab = element (1, Val)
AS =

Erlang source 9: An example for the Same Right-hand Side filter

The Same Record Operation filter - a compound filter (D3.1)) - is respon-

sible for dropping a pair of top-level expressions in the following cases:
e only one component of the pair is a record operation;

e both components are record operations which differ in the classification

of the operation (either a modifier or a non-modifier);

e both components are record operations which differ in the fields of the

referred record.

For example, study Erlang source [10}

5
/ First instance
Tid = D#decision.tid
/ Second instance
CommitO = P#participant.commit
S /|

Erlang source 10: An example for the Same Record Operation filter
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Filters for any clones

Every filter belonging to this group is evaluated both on one-unit long clones
and on multi-unit long clones. The following two filters focus on branch-
ing expressions or fun expressions, which are built up from clauses and are
frequently used in Erlang.

The Same Cardinality filter - a compound filter - is responsible for drop-
ping a pair of top-level expressions if only one component of the pair is a
branching or fun expression or if both components are branching or fun ex-
pressions which differ in the cardinality of the clauses. An example is shown

in Erlang source

/ First instance
case Res of
{ , Reason} ->
exit (Reason) ;
_ -> Res
end

/ Second instance

case Res of
{ , {aborted, Whatl}} -> abort(What);
{ , What} -> abort(What);
_ ->Res

end

Erlang source 11: An example for the Same Cardinality filter

The Same Function Applications filter - a compound filter - is responsible
for dropping a pair of top-level expressions, if only one component of the pair
is a branching or fun expression or if both components are a branching or
fun expressions which differ in the function calls considering at least one of
their clauses. An example is shown in Erlang source

The Head of List Comprehensions filter - a compound filter - is responsible
for dropping a pair of top-level expressions, if only one component of the pair
is a list comprehension, or if both components are list comprehensions and
their head expressions differ either in the cardinality of their sub-expressions

or in the referred functions. An example is shown in Erlang source [L3]
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/ First instance
Fun = fun(S) -> lists:suffix(S, File) end

/4 Second instance
Fun2 = fun(Frag, A) -> mnesia:foldr (ActivityId, Opaque, Fun,

(cont.)A, Frag, LockKind) end
[AS /|

Erlang source 12: An example for the Same Function Applications filter

o
/ First instance
Dist = [{good, Node, 0} || Node <- Pooll
/ Second instance
TablelList = [{Tab, keep_tables} || Tab <- List]
AS =

Erlang source 13: An example for the Head of List Comprehensions filter

The set of the initial clones can greatly be narrowed down by using all
defined filters, thus the result of the algorithm is more comprehensible in
practice. As a demonstration of the efficiency of the filtering system, consider
that 351 152 initial clones were found in Mnesia, and this huge amount of
initial clones was reduced to 801 by applying the filtering system. Neither

irrelevant nor false positive clones were found in the result of the algorithm.
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3.2 Metric based approach

In this section an atypical approach [34] is reviewed, then its adaptation to

Erlang is shown.

3.2.1 Reviewing the original solution

In [34] an atypical idea is demonstrated, using different source code metrics
to find duplicates in mainstream imperative programming languages. This
technique works with function definitions as units, comparing every function

with every other.

Point of comparison

Every candidate is examined from four different viewpoints, which are called

point of comparison. These views focused on:

e name view: What is the name of the function?

o [ayout view: How is the layout of the function organised?

e cxpression view: What kind of expressions are used and how are the
expressions handled to compose the function?

e control flow view: Which attributes do the used control structures have?

In each view, several metrics are defined with thresholds, such as the
number of function calls, or the average length of the variable names. The
full list of metrics is detailed below.

List of original metrics

These lists are copied from [34].
Function Metrics for Layout

1. Number of alphanumeric characters found in the comments located in

the declaration section.

2. Number of alphanumeric characters found in the comments located in

the executable section.
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Number of logical comments within a function.

Number of lines of code within a function. A line of code is defined as

a line that is not empty.

Mean number of characters of all variables that are used in the function.

Function Metrics for Expressions

1.

Total number of call sites in the function. This metric takes into account

repetitive calls to the same function.

Number of distinct functions which are called by a given function.

. Arithmetic mean of the complexity of all the decisions in a function.

Number of declarative statements within a function.

Number of executable statements within a function.

Function Metrics for Control flow graph

1.

Number of arcs found in the control graph.
Number of decisions in the control graph of a function.

Mean span of the branches of conditional arcs. This metric is expressed

in number of unit arcs.

. Number of arc crossings in the control graph.

Number of backward arcs in the control graph.

Number of nodes in the control graph where the flow stops or returns

to a calling software unit.

Number of nodes in the control graph.

. Arithmetic mean of the nesting level of the control graph of a function.

Number of paths in the control flow.
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10. Number of control statements.

11. Number of breaches of structure, based on the principles of structured

programming

Values related to the point of comparison

Three values related to a point of comparison are eq, sim and neq. Given
two functions, denoted by fi, f2, the set of the metrics, denoted by Metrics,
related to a point of comparison, and a function, denoted by A, which assigns

the corresponding threshold to the given metric.

e Equal, denoted by eq: fi and f, are equal for a point of comparison if
the following holds:

Vm € Metrics : m(f1) = m(fs)

“Two functions are equal for a point of comparison if all metrics related

to that point of comparison are equal in both functions.” [34]

e Similar, denoted by sim: f; and f, are similar for a point of compari-

son, if the following holds:
Vm € Metrics : [m(f1) — m(f2)| < A(m)

“Two functions are similar for a point of comparison if the absolute
difference is less than or equal to the delta threshold defined for each

metric in the point of comparison.” [34]

e Distinct, denoted by neq: f; and fs5 are distinct for a point of compar-

ison, if the following holds:
dm € Metrics : |m(f1) — m(fa)] > A(m)

“Two functions are distinct for a point of comparison if there is at
least one metric where the absolute difference is greater than the delta
value.” [34]
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Ordinal scale

An ordinal scale, called cloning level, is defined with the values related to
the point of comparisons, and has 8 steps from “Exact Copy” to “Distinct

Control Flow” as shown in Figure [3.3]:

’ Scale \ Name \ Layout \ Expr \ Control ‘

Distinct Control Flow (8) | X X X neq
Similar Control Flow (7) | X X X sim
Distinct Expression (6) | X X neq eq
Similar Expression (5) | X X sim eq
Distinct Layout (4) X neq eq eq
Similar Layout (3) | X sim eq eq
Distinct Name (2) | neq eq eq eq

Exact Copy(1) eq eq eq eq

Figure 3.3: Ordinal scale and points of comparison (|34])

Determining the cloning level

The cloning level can be calculated for every candidate (function pair), as
shown in Algorithm

function DETERMININGCLONINGLEVEL(Candidates)
Clones « ()
for all Candidate € Candidates do
CName < CoMP(name, Candidate)
CLay < CoMP(layout, Candidate)
CFExpr < CoMP(expr, Candidate)
CControl < CoMP(control, Candidate)

Level < SCALE(C' Name, C'Lay, C Expr, CControl)
Clones <— Clones U {(Candidate, Level) }
end for
return Clones
end function

Algorithm 3.6: Determining the cloning level
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The input of the algorithm is a set whose elements are ordered pairs.
An element of the set is a candidate, that is, a function pair. Function Comp
determines the value related to the given point of comparison for the given
candidate. Function Scale determines the cloning level by matching the rel-
evant row from Figure with the given values.

The output of the algorithm is a set whose elements are ordered pairs. An
element of the set is a pair whose first component is the examined candidate
and the second component is the cloning level. This is the result of the

duplicated code detector.

3.2.2 Adapting to Erlang

A specialisation of [34] is demonstrated using language features of Erlang.

Problems

At first blush, the specialisation seems easy, but several questions have to be
addressed. A large gap exists between imperative languages and functional
languages, in which almost all the problems originated.

First of all, the algorithm is designed to deal with such sources which
are written in an imperative language. The paradigm behind functional lan-
guages is declarative. It can be said intuitively that the main question in
imperative paradigm is “How to do?”, while in declarative paradigm it is
“What to do?”.

The level of abstraction in declarative languages are much more abstract
than imperative languages, thus, metrics characterise the sources in a differ-
ent manner.

Finally, there is no statement in Erlang, only expressions. It follows that
half of the metrics in the Layout view, half of the metrics in the Expression
view, and some metrics in the Control view become useless, and cannot be

replaced by anything along the same meaning.
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Changing metrics

Every group of metrics tries to characterise the code in a different sense
and keeping this sense was one of my goal. The Name view has not been
changed, but others have. If it deemed important, the new metric is referred
by its order as shown in Section [3.2.1]

The new metrics in the Layout view are:

Volume of comments instead of No. 1 in the original Layout view,

Number of comments instead of No. 2 in the original Layout view,
e Number of macros instead of No. 3 in the original Layout view.

The other metrics (No. 4 and No. 5) are unchanged in this view. The new

metrics tries still to characterise the layout.

The new metrics in the Expression view are:

e Number of variable bindings instead of No. 4 in the original Expression

view.
e Number of record references.
e Number of fun expression definitions.

The “Average complexity of decisions” metric was not defined exactly in
the original paper, so I have defined it as the sum of cardinalities of any clause
which can be found in the analysed entity. The No. 1 and No. 5 metrics are

removed, the No. 2 metric is unchanged.

The new metrics in the Control flow view are:
e Number of message passings.

e Number of triggered exceptions.
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The “Number of loops” metric is re-interpreted as the sum of the cardi-
nality of calling the 1ists module, which is part of the standard library of
Erlang and used to manipulate lists, and the cardinality of the list compre-
hensions. This sum is increased by one if the function is recursive. The reasons
are: almost all the functions defined in the 1ists module iterate through a
list, and, while a list comprehension is being evaluated, an iteration through
its generators is performed.

The No. 3, No. 4, No. 10. and No. 11 metrics are removed.

Changing deltas

As described previously, several problems occur due to the difference between
the paradigms, one of the difference being the level of abstraction, which
effects greatly the computed metric values. Therefore the given deltas have
to be replaced.

Due to the difference of abstraction level there are cases when the replace-
ment is less then the original value. For example, for the “Number of paths
in the control flow” metric, the given delta was 100, which is an extremely
high value in the context of Erlang language. Instead of the given value, 10
will be used for this delta.

Due to the difference of coding habits, there are cases when the replace-
ment is greater then the original value. For example, for the “Number of
loops” metric, the given delta was 2, which is considered too small, so the
value becomes 5, because almost all the problems are solved recursively with

functional programming languages.

Dealing with units

In [34] article the function entity is chosen as a unit of algorithm. The charac-
teristics of functions written in C differ from the characteristics of functions
implemented in Erlang. For example, Erlang introduces function clauses, as
shown in Section and this is an unknown concept in C. Thus, two differ-
ent approaches are taken into count: a function clause or a function can be

used as a unit.
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Function clauses might seem to be the ideal choice at first sight, but
there are really short (1 or 2 lines long) function clauses in Erlang programs
usually. However, I decided to try out both functions and function clauses as

units.

Predicted results

This algorithm relies only on metrics and it does not use any syntactical
properties of the candidates to determine the cloning level. This strategy is a
double-edged sword. However no real clone is dropped due to the dissimilarity
of their syntactical structures, but several false positive clones appear in the
result. The more metrics are defined, the less false positive clones appear in
the result, because every metric adds only one new aspect. The more aspects
are given, the more accurate the results become.

The growth of false positive clones is especially expected if function
clauses are used as units. In Erlang, there are many really short function
clauses and plenty of them are base cases of recursions. They usually consist
of only one simple top-level expression. These clauses have nearly no char-
acteristic, thus metrics cannot evince them, therefore they are considered
clones by this approach. This might lead into a situation when the full result

of the algorithm may become useless and untraceable.
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3.3 Control-flow based approach

In this section, I show a control flow based approach, which is only a sketch
at the moment, where the control flow is used in new ways. Usually, similar
sub-graphs of the control-flow graph are matched against each other, using
data-flow information to refine the results. These solutions |26} 27] are usually
very successful but can omit hidden clones. The new approach is based on
the regular activities which are done by plagiarizing students. These activities

are:
e inlining some functions,
e extracting some functions,
e renaming entities inside a module,
e changing the order of entities inside a module,
e changing the order of the parameters in the head of a function,
e moving functions between modules,
e dividing a body of a function into new functions,

e aggregating all the clauses of a function into a new function by using

a case expression.

These activities can be detected by reorganising the source of the module
along the control flow. From the reorganised module, almost all the differences
caused by those activities automatically disappear. Further generalisation
may be done on the reorganised module to vanish automatically differences
which are caused by renaming entities.

To find clones such matchings are advised to be used which tries not only
match the entire module against to others, but it tries to match sub-sequences
of the module against to others. For this purpose, data mining methods

specialized for sequential database might be used, which are described in [31].
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This kind of matching is needed, because a whole module is rarely cloned
without any modification in industrial applications. If plagiarism is focused,
then it becomes more likely.

The reorganisation of modules can be used as a base order for my algo-
rithm, which is detailed in Section Instead of gathering the units in the
same order as it can be got from the lexical analyser, the units are collected

in the same order as it can be determined by the reorganised module.
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Chapter 4
Realisations

This chapter details the realisations of the AST /metric based approach (Sec-
tion and also the metric based approach (Section [4.2)). The optimisation
steps (Section and utilities (Section are also reviewed.

4.1 Solutions based on the AST /metric based
approach

The architecture of the AST /metric based approach is described in this sec-
tion. It is based on the abstract algorithm of this solution, which is described

in Section [3.1] The main components are:

e CandidatesGenerator produces the set of clone candidates;
e InitialClonesDetector creates the set of potential clones;

e FilteringAndTrimmingUnit forms the resulting clone set.

4.1.1 Producing clone candidates

D4.1. Identifier of an entity. Syntactic and semantic information can
only be queried from RefactorErl about an entity if its identifier is known.
Therefore, to be able to always exactly identify the units, their identifiers are

preserved during the whole algorithm.
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D4.2. ETS table. A ETS table is an efficient, key-value store which pro-
vides concurrent reading and writing for Erlang processes. The lifetime of the

table 1s the lifetime of the process which owns it.

The initial clone detector of this algorithm works with generalised units
(top-level expressions), therefore conversions are needed. The General unit
generator, described in Section is able to perform the conversion. After-
wards, the ETS table contains the identifier of the top-level expression
(D4.1)), the identifier of its parent and its generalised value in each row for ev-
ery top-level expression found in the Semantic Program Graph. The identifier
of the parent is used for trimming by the initial clone detector.

Every row in the ETS table has a unique index, which is given in the
same order as top-level expressions are gathered from the Semantic Program
Graph. This allows the preservation of the layout of the sources. The values of
the indexes are assigned from a sequence whose first element is 1. A diagonal
is a list of indexes and one of the descriptors of clone candidates.

The subject of the duplicated code analysis can either be every top-level
expression found in the Semantic Program Graph, or those defined by the
user. The latter case means that only some expressions need to be matched
against every expression in the following way. Let us assume that those ex-
pressions have indexes ranging from m to m+ k. The n-by-n matrix, denoted
by A, ., has to be reduced to a k-by-n submatrix, denoted by Sy ., by delet-
ing every row whose index is either between 1 and m —1 or between m+k+1
and n. The diagonals of this matrix are still describing the clone candidates

in this case.

aia ce a1n
Am,1 ccc Am,n Am1 tt Qmn
An,n = — = Sk,n
a'm—i-k,l e a'm+k,n Am+k1  *°  Qmtkn
an 1 T Qpon
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The list of diagonals are given to the initial clone detector unit.

4.1.2 Determining initial clones

This initial clone detector is based on Algorithm which is detailed in
Section The algorithm is a parallel algorithm with one coordinator

process and many worker processes.

Coordinator process

First, the initial clone detector unit creates as many separate processes as
many available logical processors can be used by the application. With this
strategy, the administration and the timing of the processes are decreased as
much as possible.

Then the detector divides the given list of diagonals into sublists of diag-
onals among the created processes. Each process is responsible for collecting
clones from the given list of diagonals.

The coordinator process waits until all the worker processes have collected

their results, then it forwards the result to the filtering unit.

Worker process

All workers can access and query the ETS table with indexes, thus avoiding
the duplication of a huge amount of data.

The worker processes never try to build the matrix actually. Instead,
they iterate through the given diagonals by accumulating the found clones.
The calculations needed to detect clones, the initial clone detection and the

trimming of the initial clones are done within a single iteration, as shown in

Algorithm

Variants

D4.3. NIF. A NIF (Native Implemented Function) is a function which is

implemented in a C-like language instead of Erlang. NIFs are transparent
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from the caller side. To implement a NIF, an Erlang function and a cor-
responding C function are required and linked together. The C part of the
function has to be defined in a shared library, which is loaded at runtime by

the Erlang code of the encapsulated module.

For determining whether a pair can form a clone, the similarity has to be
calculated first. Several variants for determining the similarity were created
to be able to choose the best one. The variants differ from each other mostly
in the determination of the initial clones, because this part seems to be the
most costly, from the computational requirements. Here, the variants are

introduced. Every variant was measured, as detailed in Chapter o

Type of the ETS table. First of all, the type of the ETS table has
to be chosen. The potential types were set and ordered set. Ordered set is
unnecessary for the application because the content of the table is never
sorted. Additionally, ordered set has a logarithmic access time, whilst set has
a constant access time according to the official manual [I]. Thus, set is chosen
for usage. This decision was absolutely right, the measurements have proofed
it.

String similarity metrics. For determining the similarity, I use string
similarity metrics. The normalised Levenshtein and Dice-Sgrensen metrics
were good candidates. However the way they express similarity is different.
Levenshtein distance is the minimum number of edit operations to rewrite
a word into another. The Dice-Sgrensen metric is based on the doubled car-
dinality of the common unique bigrams of the two strings and the sum of
the cardinalities of unique bigrams of each strings. An example is shown for
both metrics in the following by calculating the similarity between night
and nacht.

First, the calculation using Levenshtein metric is demonstrated. I use
the following notions: characters that differ from each other are underlined,
characters that had been edited are highlighted in bold, and arrows represent

transitions between edit operations.
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night, nacht — night, nicht — night, night

According to the example, two edit operations are needed to rewrite nacht
into night, thus the Levenshtein distance of the two words is 2. The nor-

malised Levenshtein metric value is computed as follows:

2 2
= =04
mazx(length(night),length(nacht)) — max(5,5) 0

Next, the calculation using Dice-Sgrensen metric is shown. By composing

the bigrams of the strings, we get the following two sets:
{ni,ig, gh, ht}, {na,ac,ch, ht}

The set of the common unique bigrams can be determined based on the sets,
it is {ht}. The metric value is computed as follows:
2|{ht}| 2

= =0.25
{ni,ig, gh, ht}| + |[{na,ac,ch,ht}| 4+4

Based on my empirical results, it can be stated that the same clones can
be found either by using Dice-Sgrensen metric and defining the threshold to
be 0.9 or by using Levenshtein metric and defining the threshold to be 0.8.

In the following statements m and n denote the length of the strings. Lev-
ensthein metric uses O(mn) space, while Dice-Sgrensen metric uses O(m + n)
space, so the computation of Dice-Sgrensen metric is cheaper, thus Dice-

Sorensen is more suitable.

Calculate only once. [ found a high duplication rate while I was studying
the generalised units. If the algorithm can cache the calculated metric values,
then the computational requirements of this variant becomes smaller. The
general caching mechanism, described in Section was used to implement
it. This variant deeply depends on the available size of the memory, because
if the available memory is not enough, the variant becomes much slower due

to swapping between memory and disk.
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Pre-calculate everything. Another variant consists in precalculating and
storing the similarity for every two strings from the duplication-free set of
generalised units. The worker process calculates nothing, and only queries the
similarity of the examined pair. However, while the computational require-
ments of this variant is smaller, the space requirement is larger by orders
of magnitude than the other variants. Indeed, for each pair of strings, their
bigrams have to be constructed when the value of Dice-Sgrensen metric is

needed, hence the bigrams of each string are generated n — 1 times.

Sequence database. SimString [8 35] is a fast algorithm for approximate
string matching and it seems to be promising for our purpose. SimString uses
sequence database to store the base set of strings and it offers several string
similarity metrics for matching, including Dice-Sgrensen metric. The author
of SimString stated the following [8]:

Fast algorithm for approximate string retrieval. For example, Sim-
String can find strings in Google Web1T unigrams (13,588,391
strings) that have cosine similarity > 0.7 in 1.10 |ms| per query
(on Intel Xeon 5140 2.33 GHz CPU).

Thus I gave it a try, it is written in C++ and linking C-like application to
Erlang is an established practice via NIF(D4.3), so I wrote a shared library
which is suited for connecting the Erlang application to the SimString library.
Using SimString from concurrent processes led to an abnormal termination,
because the library is not prepared for concurrent usage - it is not thread-
safe. Due to this deficiency, I had to solve the problem in a different way; I
worked out two solutions which can be used in parallel environment.

The first solution consisted in placing an application server between the
Erlang application and the shared library. The server is capable to synchro-
nise concurrent requests by serialising them, so SimString can be used in a
parallel environment. However the original problem was solved, my parallel
application is sequenced along using SimString, thus it becomes much slower.

The second solution was multiplying sequence databases among processes.

In other words, every worker process has its own local sequence database with
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the same content and each local sequence database is accessed via the shared

library. This works well, but the disc requirements are largely increased.

To summarise the consequences: the base variant with Dice-Sgrensen
metrics should be used on a personal computer which has a few amount of
memory, but the variant with the general caching mechanism should be used

within a server environment where a plenty of memory is available.

4.1.3 Filtering and trimming initial clones

The filtering and trimming unit is based on Algorithm detailed in Sec-
tion is presented in this section. The algorithm is a parallel algorithm
with one coordinator process and many worker processes. The creation of
workers is analogous to the strategy, described in Section [£.1.2]

Due to the generalised unit and the similarity metrics, the initial clone
detector returns a huge amount of initial clones, so the filtering unit has to
deal with these clones by trying to decrease their volume and to filter out
false positive clones.

There is one coordinator process which partitions the initial clones among
the worker processes. The task of every worker is to construct the resulting
clones from the given ones and to return the results to the coordinator. The
coordinator waits for all the workers and collects all the results which become
the result of the whole algorithm.

A lot of data is produced, which requires caching, described in Sec-
tion Almost all the information comes from some source code metric,
so a metric handler framework deals with them. The framework is designed
to be easily extendible, efficient and to work in a parallel environment.

The filtering unit, as described in Section uses several filters which
are handled by the metric handler framework. Each filter consist of a calcu-
lator part and a decider part. To evaluate a filter on a pair, the calculator
part computes the corresponding metric values for both components of the
pair, then the decision is made by the decider part of the filter based on the

calculated metric values. A clone can be dropped or kept in the result set
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based on the decision. Whenever the decision is to drop a clone, it is done so
instantly because a conjunction exists within the filters. The workers eval-
uate the available filters via the metric handler framework. The evaluation
has a lazy style: filters are calculated only when they are needed to make a

decision on a pair.

4.2 Realising the metric based approach

In this section, I detail the adapted version of the metric based duplicated
code detector. The original idea behind the algorithm comes from Mayrand
et al. [34] and is discussed in Section

The application of the metric based approach consists of two parts: the
first is the production of the candidates, and the second is the determination
of the cloning level. These parts are going to be discussed in great detail in

the following sections.

4.2.1 Producing clone candidates

The metric based approach is implemented so as extendible as possible, thus
units can be either function clauses or functions. The units are either all
the function clauses or all the functions, an they can be queried from the
Semantic Program Graph.

The units are given by the General unit generator, described in Sec-
tion [4.4.1] After the generator has finished, an ETS table contains
the requested entities with indexes, which are generated in the same way
as described in Section The strategy for producing candidates is that
every entity is needed to be compared with every other entity, as mentioned
in Section These comparisons can be defined with the following list of

index pairs, assuming that the cardinality of the units is n.

{(,5)) |iel...n—=1CZ,jeli+1..n]CZ}CZXZ

These pairs are the input of the second component.
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4.2.2 Determining the cloning level

The second part of the algorithm is based on the abstract algorithm shown
in Algorithm [3.6] and described in Section [3.2.1]
It is a parallel algorithm with one coordinator process and many worker

processes. The creation of workers follows the same policy as that, described
in Section

Coordinator process

The given pairs (candidates) are subdivided among the workers by the coor-
dinator. The coordinator waits for all workers to complete their tasks, then
collects every results from them. These are pairs of functions or function

clauses with their determined cloning level.

Worker process

The task of every worker is to determine the cloning level of the given subset
of pairs.

The values related to the points of comparison need to be computed to
classify each pair. As described in Section the values depend on the
corresponding metrics and deltas.

All the metrics have the same properties: the definition of the metric itself
and the given delta. Thus a general, extendible and efficient framework was
developed, which can be simultaneously used by concurrent processes. This
framework provides the available metrics grouped by the point of comparison.
For each metric, it further enables access to the value of the metric for the
given unit, and it makes the corresponding delta available for the workers.

In the worst case, all the metrics need to be calculated for both compo-
nents of a pair to determine the cloning level of the pair. Therefore, all the
metrics are calculated for every unit n — 1 times with the assumption that
the cardinality of the units is n. Although RefactorErl provides an efficient
way to gather information from the Semantic Program Graph, caching the

computed values is really necessary to achieve good performance. A General
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caching mechanism was developed (see Section for this purpose, thus
every metric value of a unit is calculated only once.

Each worker iterates through the given pairs. At each iteration, the cloning
level of a candidate is determined. For each point of comparison, the corre-
sponding metrics with deltas are queried from the framework, and the value
related to this point of comparison is determined in a lazy manner: a metric
is only calculated when it is necessary. If the cloning level can exactly be
assessed with the known values related to some of the points of comparison,
then no computation is performed. For example, if the value of the Con-
trol flow view is “neq” for a candidate, then the candidate can be classified,

therefore further computations are not performed.

4.3 Optimisations

One of my goals was to work out a solution which can be used in legacy code,
with consideration for efficiency, computational and space cost-effectiveness
and scalability. Whenever possible, the solution was designed and developed
to be able to work in a parallel environment.

The parallelism, already mentioned in Section improves the perfor-
mance as much as possible with the run-time environment. More precisely,
this means that if a computer has only 2 processors, then 2 worker processes
are started, but if a computer has 32 processors, then 32 workers are started.

I worked out a completely generalised caching mechanism, detailed in
Section with which anything will be evaluated only once. To avoid

unnecessary computations every value is calculated only if it is really needed.

Optimisations related to the AST /metric based approach. By in-
troducing diagonals, the initial clone detector was improved greatly: the com-
putation for determining whether a pair can form a clone, the extension of
the clones and the trimming of the clones were fused into a single iteration.
Additionally, further extensions of clones are not needed, because, with this
algorithm, the longest clone is found.

The matrix is never constructed due to the diagonals, therefore a huge
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amount of data do not need to be stored, so the space requirement is greatly

reduced.

4.4 Utilities

In this section two interesting modules are detailed, which were used by both

algorithms.

4.4.1 General unit generator
This module is capable of solving two tasks:

e collecting entities from the Semantic Program Graph along the given
specification,

e transforming entities over a given alphabet.

Collecting entities

The module defines a hierarchy and introduces levels between different types

of entities as follows.

1. File level is the starting level. Modules and header files are considered

as File level entities.

2. Form level is under the File level. Modules and header files are built
up from attribute forms and function definition forms. These forms are

counsidered as Form level entities.

3. Clause level is under Form level. Function definition forms are built up

from function clauses which are considered as Clause level entities.

4. Ezxpression level is under Clause level. Top-level expressions and any
sub-expression of a top-level expression are considered as Expression

level entities.

5. Token level is under Expression level. Every syntactic structure is built

up from tokens which are considered as Token level entities.
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A mapping rule exists between each hierarchy level, defining the decom-
position of entities into smaller ones. These rules can be redefined by passing
new rules as parameters to the algorithm. There are default mapping rules,

which are the following.

e Selecting the starting nodes: get all modules from the Semantic Program
Graph.

o From File to Form level: get all function definition forms of the parent

module.
o From Form to Clause level: get all function clauses of the parent form.

o From Clause to Expression level: get all top-level expressions of the

parent clause.
o From FExpression to Token level: get all tokens of the parent expression.

The decomposition can be stopped before Token level by defining the
target level, which is Expression by default.

If the transformation of the entities is not requested, then the decomposed
entities are simply returned or inserted into an ETS table with their parents

depending on the actual parametrisation of the module.

Transforming entities

The abstract algorithm to transform entities is shown in Algorithm
The decomposed entities are usually not Token level entities, therefore the
transformation to Token level needs to be done first. The basic mechanism
of this transformation is: while preserving the layout, gather all the leaves of
the syntax tree of the given entity. For example, the tokens of the top-level

expression which is shown in Erlang source [14] are:
Result, =, case, f, (, ), of, ok, -> 1, ;, _, -> -1, end

The decomposed entities can be transformed over an abstract alphabet,

which is given by default. The alphabet assigns different words to different
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=

=

Result = case f() of
ok -> 1;
-> -1

end

-
S

Erlang source 14: An example source for the abstract alphabet

token types, except the following types: atoms, variables and numbers. For
example, Erlang source is transformed to the following sentence repre-
sented as a string: "A=cA()pAzA;AzAe".

The transformed entities are simply returned or inserted into an ETS ta-

ble with their parents depending on the actual parametrisation of the module.

4.4.2 General caching mechanism

The caching mechanism is as general as possible and is capable of handling
multiple cache tables simultaneously and it can be used by concurrent pro-
cesses as well.

The rationale is that each computation should be done only once and
only if the result of the computation is really needed.

Every row in a cache table contains computed values related to the same
entity which is identified by a unique key, thus different properties of one
entity can be grouped. In other words, every cache table has its own schema,
which is defined by a record definition, as usual in Erlang.

Every property of an entity can be cached by answering the following

questions:
e What is the name of the cache table?

e What is the key of the entity? In other words, what is the identifier of
the entity?

e Which of the properties is needed?

e How to initialise a new row for the entity if the corresponding row of

the entity has not been found?
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e How to compute the value of the property?

The answers to the questions can be hidden behind a wrapper function
or a lambda expression, therefore the caching becomes transparent to the
callers.

The algorithm performs the followings steps. First, it tries to find the
proper row for the given key in the referred cache table, which is an ETS
table.

If the row is found, then the value of the given property is tested. If the
value is different from the initial value, no further computation is needed,
and the found value is returned. If the value has never been computed, then
the value is computed and stored before being returned. If the row is not
found, a new row is inserted into the cache table and the value is computed

and stored before being returned.
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Chapter 5

Measurements & evaluations

In this chapter, runtime measurements and memory usages are presented by

focusing on the AST /metric based approach. Based on the measurements, I

select two variants that are advisable to be used. Last, but not least I evaluate

the results of the algorithms and I show some clones as examples.

5.1 Measurements

5.1.1 Configurations

Measurements assume two different configurations, each distinguished by an

identifier. The configurations are detailed in Appendix [A] but the most im-

portant properties are shown in Figure [5.1

Identifier | Operating System | Memory'[| Num. of log. | Erlang/OTP
(GB) processor version

Config A || Ubuntu 12.04.2 LTS 20 48 R15B01

Config B OS X 10.6.8 2 8 R14B03

Figure 5.1: Important properties of the used configurations

'can be used by the solutions
Zas reported by the Erlang VM
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5.1.2 Measurement methodology

Every measurement is performed at least with Config A. If a measurement is
performed on more then one configuration and has resulted in an unexpected
difference between the measurements, then the difference is discussed. No-
body should trust one measurement, so every measurement is performed at
least three times, and the calculated average time is shown. The timer:tc/3
function [3] is used to measure the real elapsed time in microseconds, which
is converted to milliseconds or seconds.

Almost all the measurements are performed by giving the same source
source as subject to the detectors, which is introduced in Section If

other source code is used then it is stated.

5.1.3 Mnesia - Subject of the detectors

Mnesia [2, B3] is a distributed, soft real-time database management system,
which is part of Erlang/OTP. The source code of Mnesia 4.7 is used as a
subject of duplicated code detectors. Some properties of the examined source

is listed below:

22 594 non-empty lines of code,

31 modules,
1 687 functions,

5 393 top-level expressions.

5.1.4 Back-ends of RefactorErl

RefactorErl provides 3 different storage back-ends which can be used to store

the loaded source in it. These are based on:

e Mnesia: Mnesia supports parallel queries, but it writes data to disc

very slowly.

e NIF-graph: This back-end has been developed by the RefactorErl team.
The back-end is implemented in C++ and connected to Erlang by NIFs.

It does not support parallel queries, but it writes data to disk faster
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than Mnesia does. The NIF-graph tries to keep the whole Semantic
Program Graph in memory, thus data accesses are faster than using

Mnesia while the graph can be kept in memory.

e Kyoto-Cabinet: This back-end uses the Kyoto-Cabinet database [5]. It
is implemented in C and connected to Erlang by NIFs. Although the
back-end does not support parallel queries, it writes data to disk faster
than Mnesia does. It has a lower memory footprint than NIF-graph

has, and data accesses are also faster than using Mnesia.

To test the back-ends and to be able to choose the most suitable, the
following test is set. The applications read the database in parallel while
they are trying to detect clones, thus the test tries to simulate and assess
this behaviour.

The base of the test is a sequence whose elements query from the Semantic
Program Graph. The queries are equivalent to 8-10 steps in a graph, and they
result in a huge set of results. This base becomes the worker process, run in
parallel with its copies. The parallelism follows the same policy than that of
the applications. The execution is measured 3 times.

The content of the databases represents one library of RefactorErl, called

referl_lib. It has the following properties:

e 9 635 non-empty lines of code,

e 36 modules,

841 functions,

e 1 968 top-level expressions.

The test pointed out that the NIF-graph is the fastest on all configura-
tions. The result of this test is interesting, because the orders among the
back-ends vary depending on the used configuration. The results of Config A
can be seen in Chart [T the results of Config B can be seen in Chart [2|

5.1.5 Variants of the AST /metric based approach

In this section, the variants of the AST /metric based approach are discussed

and compared with each other.

75



NIF | 1.69 sec

Mnesia | 2.24 sec
Kyoto | 4.89 sec
0 sec 1 sec 2 sec 3 sec 4 sec 5 sec

Chart 1: Performance of back-ends measured with Config A

NIF 2.05 sec
Kyoto | 6.79 sec
Mnesia | 8.08 sec
0 sec 2 :i;ec 4 :i;ec 6 :i;ec 8 :i;ec 10 ‘sec

Chart 2: Performance of back-ends measured with Config B

Dice-Sgrensen vs. Levensthein

The difference between Dice-Sgrensen and Levensthein is shown in Chart

In conclusion Dice-Sgrensen metric is retained.

Dice-Sgrensen | 229.37 sec

Levensthein | 503.40 sec

0 sec 1OOTsec 200Tsec 3OOTsec 400‘sec 500‘sec 600‘sec

Chart 3: Dice-Serensen vs. Levensthein measured with Config A

Caching vs. no caching

The difference between the original solution and the solution which uses the
General caching mechanism is shown in Chart
As mentioned already, the efficiency of the variant using the General

caching mechanism depends highly on the available memory. If the memory
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Cache 121.01 sec
Original | 229.37 sec

0 sec 50 Tsec 100‘ sec 150‘ sec 200Y sec

Chart 4: Caching vs. no caching measured with Config A

is not large enough, the runtime of the variant is greater than the original
solution. If the memory is sufficient, the variant using the General caching

mechanism is the most suitable.

Caching vs. using pre-calculated data

The difference between the solution using the General caching mechanism
and the solution which pre-calculates metrics values for all different pairs, is
shown in Chart B

Cache | 121.01 sec

Original | 229.37 sec

Pre-calculated data | 318.25 sec
0 sec 100‘ sec 200‘ sec 300‘ sec

Chart 5: Caching vs. using pre-calculated data measured with Config A

If the memory is sufficient, the variant using the General caching mech-
anism is preferred, otherwise the original solution should be chosen, because
the solution which pre-calculates data is the worst. The reason is that there

is only a complex and costly method for pre-calculating all necessary data.

Calculating everything vs. central sequence database usage

The difference between the solution which uses a central sequence database

and the original solution is shown in Chart [f| The measurement was per-
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formed on a smaller database (referl_1ib) with Config B.

Original | 41.42 sec

Central sequence database | 248.175 sec

0 sec 50 sec 100 sec 150 sec 200 sec 250 sec

Chart 6: Calculating everything vs. using a central sequence database mea-
sured with Config B

As previously stated, the parallel application is sequenced along using

SimString, so the original solution should be chosen.

Memory usage

The maximum amount of allocated memory is shown for every variant in
Chart [/l These amounts were allocated either by the Erlang VM or by the
Erlang processes with Config A.

Original | 1.66 GB

Pre-calculated data 13.61 GB

Cache 13.69 GB
0 GB 1GB 2 GB 3GB 4GB

Chart 7: Size of allocated memory with Config A

5.1.6 Assessment of the measurements

Every variant of the AST/metric based approach was measured and the
results were shown in the previous section.
The original solution using Dice-Sgrensen metric is usable on both a de-

veloper computer and on a server. The corresponding runtime can be seen in

Chart
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Config A | 229.37 sec
Config B | 538.40 sec

0 sec 100‘ sec 200‘ sec 3OOY sec 400‘ sec 500‘ sec
Chart 8: Original solution measured with different configurations

To summarise: if the memory does not matter, then the solution which
uses the general caching mechanism is better, otherwise the original solution

should be preferred.

5.2 Evaluations

The implementation of the algorithms, which are extremely specialised on
Erlang, were successfully executed on Mnesia [33], and resulted in clones.
Unfortunately, I had to analyse the detected clones manually, because the
well-known Bellon’s benchmark [12] deals with only imperative languages
and does not offer any test projects written in Erlang, and I have not found

any alternatives specialised for Erlang.

5.2.1 AST /metric based approach

The AST /metric based approach was successfully evaluated on Mnesia, re-
sulting in 801 clone pairs. Thanks to my filtering system, neither irrelevant
nor false positive clones were found.

The main types of clones are duplicated configurations, handler branch-
ings, debugging sequences, constructions of validator functions and message
processing. One of the interesting results is shown in this section, and further
noteworthy clones are presented in Appendix

The body of mnesia:val/1 has 156 cloned occurrences, that slightly differ
from each other. One of these clones can be seen as the example clone in
Erlang source where the extent of generalisation differ from each other.

The instances of the clone provide the same service, therefore they can be
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A First instance (found <n mnesia_loader):
case 7catch_val(send_compressed) of

{ S
mnesia_lib:set(send_compressed, NoCompression
(cont.)),

NoCompression;
Val -> Val
end

/ Second instance (found in mnestia_controller):
case 7catch_val(no_table_loaders) of

{ s, _+ >
mnesia_lib:set(no_table_loaders ,1),
1;
Val -> Val
end

(S =

Erlang source 15: A frequent clone found in Mnesia by the AST /metric based
approach

eliminated.

5.2.2 Metric based approach

The metric based approach was evaluated with Config A. Two different cases
were examined, which differ form each other in the chosen unit. Function
clauses and functions were the candidates. Using functions as units results
in a smaller result set, whose elements are more usable clones.

As stated earlier, the set of initial clones contains several false positive
or irrelevant clones. This statement is especially true in the event of this
approach, because the initial clone detection is not syntax-driven, thus clones
whose structures are different from each other appear in the set of initial

clones.

Function clauses as units

The execution time of the detector was around 448 seconds, which is not
bad if the cardinality of comparisons are taken into consideration. There are

4 212 253 candidates in the clone candidates set, so the algorithm performs
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4 212 253 comparisons. The maximum amount of allocated memory was
2.27 GB, including both the needs of the Erlang VM and Erlang processes.
The algorithm found 52 514 clone pairs whose cloning level was less than or
equal to 4. Unfortunately, several irrelevant clones exist in the result of the
algorithm, thus the result is not comprehensive. A false positive clone and
an irrelevant clone detected by the algorithm are shown in Erlang source

and in Erlang source [I7] respectively.

A First instance (found <in mnesia): 1
deloid (_0id, []1) ->
(1;
4 Second instance (found in mnestia_tm):
sync_send_dirty(_Tid, [], _Tab, WaitFor) ->
{WaitFor, { , {aborted, {node_not_running, WaitForl}}
(cont.)}};
[AS =

Erlang source 16: A false positive clone, whose cloning level is 3, found in
Mnesia by the metric based approach

Z First instance (found in mnesia_lib): )l
search_delete (0Obj, [0bj|Taill], Ack, _Res) ->
search_delete (0bj, Tail, Ack, 0bj);
4 Second instance (found in mnesia_tm):
sublist ([H|R], N, Acc) when N > 0 ->
sublist (R, N-1, [H| Accl);
[AS =4

Erlang source 17: An irrelevant clone, whose cloning level is 3, found in
Mnesia by the metric based approach

Functions as units

The runtime of the detector was 84 seconds, which is extremely fast. The
algorithm dealt with 1 687 functions, which means 1 422 141 comparisons
were performed. The maximum amount of allocated memory was 0.37 GB,
which is a very good result. Moreover, 4 860 function pairs were found by

the algorithm, whose cloning level was less than or equal to 4. Although this
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result is much better than the one is shown in the previous subsection, more
than 70 percent of the clones are still useless, so the result of the algorithm
is still hard to study. A useless clone and also a false positive clone detected
by the algorithm are shown in Erlang source and in Erlang source
respectively.

s b
A First instance (found in mnesia):

is_dollar_digits(Var) ->
case atom_to_list(Var) of
[$$ | Digs] ->
is_digits(Digs);
->

false
end .

4 Second instance (found in mnesia_recover):
cast (Msg) ->
case whereis (?MODULE) of
undefined -> ignore;
Pid -> @gen_server:cast(Pid, Msg)
end .
[AS =

Erlang source 18: An irrelevant clone, whose cloning level is 3, found in
Mnesia by the metric based approach

Z First instance (found <in mnestia_controller): 1
default_merge(F) ->
F(LD).
4 Second instance (found in mnesta_frag_hash):
power2(Y) ->
1 bsl Y. / trunc(math:pow(2, Y)).
S =

Erlang source 19: A false positive clone, whose cloning level is 2, found in
Mnesia by the metric based approach

Besides the false clones reported by the algorithm, real clones were found
in the result set, too. The cloning level of the clone, shown in Erlang source
is 2, because the following pair only differs in their identifiers. Obviously, the

generalisation of the clone can be easily done.
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s 3
A First instance (found in mnesia_tm):

commit_delete([l, _, _, _, _, _) -> ok;
commit_delete ([{checkpoints, CpList}|R], Tid, Tab, K, 0bj, _)
(cont.) ->

01d = mnesia_checkpoint:tm_retain(Tid, Tab, K, delete
(cont.), CpList),
commit_delete (R, Tid, Tab, K, 0bj, 01ld);
commit_delete ([HIR], Tid, Tab, K, Obj, 0ld) when element(l, H
(cont.)) == subscribers ->
mnesia_subscr:report_table_event (H, Tab, Tid, O0bj,
(cont.)delete, 014),
commit_delete (R, Tid, Tab, K, 0bj, 01ld);
commit_delete ([HIR], Tid, Tab, K, Obj, 0ld) when element(l, H
(cont.)) == index ->
mnesia_index:delete_index (H, Tab, K),
commit_delete (R, Tid, Tab, K, 0Obj, 01ld).

# Second instance (found in mnesia_tm):
commit_del_object([l, _, _, _, _, _) -> ok;
commit_del_object ([{checkpoints, CpList}|R], Tid, Tab, K, 0bj
(cont.), _) ->
01d = mnesia_checkpoint:tm_retain(Tid, Tab, K,
(cont.)delete_object, CpList),
commit_del_object (R, Tid, Tab, K, 0bj, 01ld);
commit_del_object ([HIR], Tid, Tab, K, 0Obj, 0ld) when element
(cont.) (1, H) == subscribers ->
mnesia_subscr:report_table_event (H, Tab, Tid, O0bj,
(cont.)delete_object, 01d),
commit_del_object (R, Tid, Tab, K, 0bj, 01d);
commit_del_object ([HIR], Tid, Tab, K, 0Obj, 0ld) when element
(cont.) (1, H) == index ->
mnesia_index:del_object_index(H, Tab, K, 0bj, 01l4d),

commit_del_object (R, Tid, Tab, K, 0bj, 01ld).
S |

Erlang source 20: A relevant clone found in Mnesia by the metric based
approach
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Chapter 6
Comparison with Wrangler

In this chapter, I compare my AST/metric based approach with another
duplicated code detector software included in Wrangler. I briefly introduce
this detector in Section then the method of comparison is described in
Section Finally, the results of the comparison are assessed in Section

6.1 The clone detector of Wrangler

Wrangler [30] is an open source refactoring tool for Erlang, maintained at
the University of Kent (United Kingdom). Wrangler is also written in Erlang
and provides user interfaces in Emacs and in Eclipse. The duplicated code

detector of Wrangler is a
token and AST based hybrid approach

as stated in the paper by [29).

The approach tokenises the source code, then transforms tokens over an
abstract alphabet, then builds the abstract syntax tree and a suffix tree
from them. The initial clones are gathered from the suffix tree, then further
analysis are performed using semantic binding structure information, and
location information to detect only such clones which form a syntactic unit
and can be removed by consistent renaming of variables and constants. The
clones are grouped along their anti-unifications (see [D1.6).
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The algorithm is implemented in Erlang, except the suffix tree algorithm
which is written in C. The algorithm contains some parallelism, for example,
the suffix tree and the abstract syntax tree are built in parallel, but it does
not seem to be designed to be parallel. This can be said, because the structure
of the algorithm necessitates sequential execution and the parallel parts are
implemented using the built-in primitives provided by Erlang to manage both
processes and inter-process communications. Using these primitives without
any strategy related to parallelism can cause a performance bottleneck and
can make the whole application become a non-scalable application.

The detector has the following parameters:

o Minimum length of a clone. Clones whose length are less than the given
value are not detected.

o Minimum number of tokens. Clones which have less tokens than the
given value are not taken into consideration.

o Minimum frequency of a clone occurrences. Groups which have less
clones than the given value are dropped.

o Maximum count of consistent renaming. Clones which can be refac-
tored into each other by more renamings than the given value, are not
reported.

o Similarity score. Clones whose similarity is less than the given value

are not included in the result.

The first three parameters are the most important. These parameters
greatly influence the cardinality of the initial clones, because only such clones
are gathered from the suffix tree which satisfy the constraints derived from

the parameters.

6.2 Method of comparison

My AST/metric based approach uses top-level expressions as units which
have to be matched with tokens used by the detector of Wrangler.
My algorithm deals with a single top-level expression which is equivalent

to a token in the worst case. However, a suffix tree can deal with such searches,
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but these are not efficient in this case. Choosing 1 for the minimum number of
tokens would be unfair with the algorithm, because the measurement of this
execution points out only the worst profile of the algorithm, so 10 becomes
the value of the parameter. One-character-long variable names are allowed in
the Erlang grammar, thus 1 is chosen for the minimum length of a clone. My
algorithm returns clone pairs as result, therefore the minimum frequency of
a clone occurrences should be 2. The maximum count of consistent renaming
is 20 to avoid dropping potential clones, because my algorithm does not
take into account this parameter. The similarity score is 0.6, because the
metric, which is used to calculate it, was not defined exactly either in the
implementation of Wrangler’s algorithm or in the official documentation. By
setting the discussed values to these parameters, the detector nearly handles
the same amount and type of candidates as my algorithm does.

However, there is no dedicated way to use Wrangler from an Erlang shell,
I managed to use it from the console finally by studying the source code. The
measurements were performed with Config A using Mnesia (see Section
as the subject of the detectors.

6.3 Assessment of the results

Both of the algorithms were successfully executed on Mnesia, and resulted
in several clones. I could not find a clone which was reported by Wrangler

and was not found by my algorithm, except for trivial clones.

=

/ First 4instance

Ops2 = [{op, rec, unknown, {NewOid, [Rec], writel}}

/ Second instance

{op, rec, unknown, {01d0id, [01d40id], delete}} | Ops]
AS

(S

Erlang source 21: An instance of a trivial clone, reported by Wrangler
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Indeed, thanks to my filters, my results were more usable as trivial clones
are not flooded the user. For example, the useless expression, shown in Erlang
source 21 was reported by Wrangler, but not by my algorithm.

The runtime measured for the two algorithms is shown in Chart [9

Mine |121.01 sec

Wrangler | 920.30 sec

0 sec 200 sec 400 sec 600 sec 800 sec 1000 sec

Chart 9: My algorithm vs. Wrangler’s algorithm measured with Config A
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Chapter 7
Enhancement possibilities

In this chapter, some enhancements for the AST /metric based approach are
discussed. The common base of the improvements are reviewed, then possible

solutions are discussed.

Common bases All enhancements deal with the production of the initial
clones, because this part of the algorithm has an intensive computational
requirement. For example, in Mnesia, there are 5 393 top-level expressions.
Examining diagonals is efficient, but the number of comparisons remains
huge: more than 14 millions of them are needed to produce the initial clones,
if Mnesia is the subject. The result of the initial clone detector is also very
large, thus the filtering and trimming unit of the algorithm has to compute
a lot to narrow down the set of initial clones, and this is another area of

improvement.

7.1 Decreasing the cardinality of initial clones

Introducing a new constraint The trivial solution to decrease the com-
putational needs is to introduce a new constraint, namely, the minimum
length of a clone. This constraint indicates that candidates whose lengths are
less than the minimum length are not taken into account, thus the problem

space is largely decreased. However, I have decided not to limit the algorithm
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by this constraint, because it is likely to happen that small clones are also

valuable.

Elaborating a heuristic The efficiency of the whole algorithm can be
increased if the cardinality of the initial clones can be decreased somehow, for
example by introducing a heuristic. The heuristic should be strict enough to
sightly narrow down the set, but not too strict to avoid dropping real clones.
Moreover, it should focus primarily on the one unit long clones, because this
kind of clone is often useless. The useless clones should be gathered and

classified in order to infer rules for the heuristic.

7.2 Replacing the technique of the initial clones

detector

Another possibility is to use a suffix tree to produce initial clones. The longest
common substring can be gathered from a suffix tree in linear time, which is
equivalent to a clone.

In this case, new trimming rules need to be defined to split overlapping
clones. Working with suffix tree has a benefit: the clones are grouped together
due to the nature of the algorithm, but it also causes some extra work for the
algorithm. Namely, the new trimming rules should also maintain the whole
group from which the trimmed clone instances are originated.

Despite the time linearity of the new technique, the behaviour of the
initial clone detector has to be rethought, and it is likely to happen that
new methods have to be added, too. With these new methods it cannot be
guaranteed that the computational space of the whole component will become
smaller, because the complexity of the redesigned initial clone detector might
increase too much.

Last but not least, using this new technique implies that pointing out

clones that contains some invalid sequence becomes impossible.
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7.3 Self-organising general caching mechanism

In Section [5.1.6] I pointed out that the caching variant uses twice as much
memory as the non-caching variant in the event of Mnesia is being analysed.
The memory requirement of the caching variant depends on the analysed
source code, so it cannot be predicted in advance. If the available memory is
not enough, then the caching variant becomes slower than the non-caching
variant because of swapping. If the general caching mechanism is reimple-
mented as a self-organising solution, the caching variant becomes usable on
any computer. The new caching mechanism needs to be re-organised as fol-
lows.

During the initialisation of caching, the algorithm measures the average
time of gathering already cached information. These times stand for reference
times during the usage of caching. While the cache is being used, each infor-
mation gathering is measured. If the difference between the current measured
time and the maximum of the references times is greater than a threshold,
then the algorithm has consumed all the available memory. In this event, the
caching mechanism can continue in two separate ways.

The simplest way is to make the cache empty by dropping all cached
information and then if a new query arrives, the caching mechanism calculates
and stores the result of the query again. The another way is to drop only
a small amount of cached information. After that, if a new query arrives,
the caching mechanism tries to serve the information from the cache first. If
the information cannot be found in the cache, then the caching mechanism
calculates the result of the query and returns it without storing the new

information into the cache.

7.4 Exploiting GPU instead of CPU

The whole initial clone detector can be rewritten in C++ AMP, which is a
new C++ language feature extending the language to be able to easily write
parallel applications evaluated on a GPU [44]. The computational capacity
of a GPU is an order of magnitudes larger than the capacity of a CPU. While
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a CPU usually has multiple cores, a GPU has thousands of cores.

The weakest point of this solution is the inter-application communica-
tion as usual. If interactions were necessary, then communications would be
expensive in this case, because they may be long-lasting that can corrupt
the scheduling of the whole Erlang VM and can cause memory leaks. Addi-
tionally, interaction would be a special inter-application communication that
necessitates copying huge amount of data between CPU and GPU, which is
considered to be very inefficient. Fortunately, the initial clone detector of the
algorithm uses no information from the Semantic Program Graph, therefore
costly communications between Erlang and C++ do not matter. In [4I], a
parallel algorithm implemented in C++ AMP is 650 times faster than the
unoptimised algorithm.

The main problem is that only one implementation of C++ AMP exists,
maintained by Microsoft, who provides only Windows-specific support. Until
no implementation exists on other platforms, the replacement can not be

done, because the platform-independence of the solution is essential.
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Conclusion

Duplicated code detection is a special static analysis, where code clones are
identified in the source code. Clones can result in several bugs and incon-
sistency during software maintenance, thus programmers should be aware of
the existing clones in the software at least.

In my thesis, I described issues with clones and the related standard
principles of software development. I brought to the fore possible scenarios
to deal with them.

I constructed an abstract, general algorithm that fits every concept known
to me, which was also formalised. The algorithm is presented with the hope
that it will foster a better understanding of the field of inquiry.

I gave a detailed review at the methods published in the last decades.
Every theory was detailed by linking it to the abstract algorithm and a real
implementation was also shown in which the described technique was used.

I elaborated a new, efficient AST /metric based approach which is de-
signed to be parallel, and also capable of handling industrial source code.
The algorithm is presented abstractly to highlight the ideas behind it. In
my thesis, I also presented the case studies which helped me to define fil-
ters, which can be considered heuristics, for the algorithm. As to my current
knowledge, none of the published papers proposed a pluggable filtering sys-
tem to provide more accurate results, thus mine is a novelty. I implemented
different variants of the algorithm to choose the best. The selection followed
a defined methodology and was based on documented measurements.

My approach was compared with other clone detector for Erlang and my
solution performed well in the comparison. Additionally, T described further

enhancement possibilities. This duplicated code detector was successfully
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evaluated on an open-source project, which has more than 22 000 non-empty
lines of code. The software will be the part of the next official RefactorErl
release. A publication about this algorithm has been submitted to the 15th
Symposium on Programming Languages and Software Tools.

Furthermore, I also studied other techniques. Following an atypical, met-
ric based algorithm, I pointed out how differently can an imperative language
be characterised in contrast with a declarative language, using the originally
proposed software metrics. I adapted this algorithm to Erlang by trying to
preserve what the author wanted to express by the original metrics. Last
but not least, I presented my ideas about how to use control-flow analysis to
detect code clones and plagiarism.

To summarise my main results in this thesis: I reviewed the topic related
to duplicated code and I gave an abstract, general algorithm of the duplicated
code detectors. Besides studying and analysing already published techniques,
I described and successfully evaluated my own algorithm on open-source

projects.
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Appendix A

Used configurations

A.1 Config A

Property name H Value

Operating System H Ubuntu 12.04.2 LTS 64bit

Available Memory 32 GB

IFree memory 20 GB
Total Swap 33 GB
Free Swap 33 GB
Num. of processors 48

Model of a processor || Intel(R) Xeon(R) CPU E7530 @ 1.87GHz

Cache / processor 12 288 KB

Num. of cores/proc | 6

Figure A.1: Properties of Config A
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A.2 Config B

Property name H Value

Operating System H Mac OS X 10.6.8 64bit

Available Memory 4 GB

Free memory 2GB
Total Swap 4 GB
Free Swap 4 GB
Num. of processors 1

Model of a processor || Intel Core i7 @ 2.8 GHz

Cache / processor 8 MB

Num. of cores/proc | 8

Figure A.2: Properties of Config B
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Appendix B

Some interesting detected clones

These clones were found in Mnesia by the AST /metric based approach.

96

4 First instance (found in mnesia_frag): 1
case 7catch_val(Var) of
{ , Reason} -> mnesia_lib:other_val(Var,
(cont.)Reason) ;
Value -> Value
end
/4 Second instance (found <in mnesia_locker):
case 7catch_val(Var) of
{ , _ReASoN_} -> mnesia_lib:other_val(Var,
(cont.) _ReASoN_);
_VaLuE_ -> _VaLuE_
end
[AS /|
Is NI
4 First instance (found in mnesia_bup):
unlink (Master),
exit (Reason)
/4 Second tinstance (found in mnesia_montitor):
unlink (Mon) ,
exit (normal)
[AS =
ﬂ
4 First instance (found in mnestia_recover):
error ( , [?MODULE, Msgl),
{noreply, Statel}
4 Second instance (found in mnesia_montitor):
error ( , [?MODULE, Msgl),
{noreply, State}
=



4 First instance (found in mnestia_controller):
case whereis (?SERVER_NAME) of
undefined ->
{error, {node_not_running, node()}};
Pid ->
link (Pid),
Res = gen_server:call(Pid, Msg, infinity),
unlink (Pid) ,

A% We get an exit signal <f server dies

receive
{’EXIT’, Pid, _Reason} ->
{error, {node_not_running,
(cont.)node () }}
after 0 ->
Res
end

end

/4 Second tinstance (found in mnesia_montitor):
case whereis (?MODULE) of
undefined ->
{error, {node_not_running, node()}};
Pid ->
link (Pid),
Res = gen_server:call(Pid, Msg, infinity),
unlink (Pid) ,

A/ We get an exit signal <f server dies

receive
{’EXIT’, Pid, _Reason} ->
{error, {node_not_running,
(cont.)node () }}
after 0 ->
Res
end
end
S
-

4 First instance (found in mnestia_recover):
mnesia_lib:dbg_out(""p was “p~n",[?MODULE, R]),
{stop, shutdown, State}

4 Second tinstance (found in mnesia_montitor):
dbg_out(""p was “p by supervisor n'",[?MODULE, R]),
{stop, R, State}

[AS
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[AS

4 First instance (found inm mnesia_dumper):
Cs = mnesia_schema:1list2cs(TabDef),
case InitBy of
startup -> ignore;
-> mnesia_controller:change_table_majority (Cs)
end,
insert_cstruct(Tid, Cs, true, InPlace, InitBy)

4 Second tinstance (found in mnesia_dumper):
Cs = mnesia_schema:list2cs (TabDef),
case mnesia_lib:cs_to_storage_type(node(), Cs) of
disc_copies ->
open_dcl (Cs#cstruct.name) ;

ﬂ

-

_ =2
ignore

end ,
insert_cstruct(Tid, Cs, true, InPlace, InitBy)
4 First instance (found in mnesia_snmp_sup):
Flags = {simple_one_for_one, O, timer:hours(24)},
MFA = {mnesia_snmp_hook, start, []},
Modules = [?MODULE, mnesia_snmp_hook, supervisor],
KillAfter = mnesia_kernel_sup:supervisor_timeout (timer:

(cont.)seconds (3)),

Workers = [{?MODULE, MFA, transient, KillAfter, worker,
(cont.)Modules}],

{ok, {Flags, Workers}}

/4 Second instance (found in mnesta_checkpoint_sup):

Flags = {simple_one_for_one, O, timer:hours(24)},

MFA = {mnesia_checkpoint, start, []},

Modules = [?MODULE, mnesia_checkpoint, supervisor],

KillAfter = mnesia_kernel_sup:supervisor_timeout (timer:
(cont.)seconds (3)),

Workers = [{?MODULE, MFA, transient, KillAfter, worker,
(cont.)Modules}],

{ok, {Flags, Workers}}

ﬂ

=

(S

(A5

4 First instance (found in mnesia_frag):
InitFun = fun(FixedSpec) -> mnesia:dirty_sel_init(Node,Tab,
(cont.)FixedSpec,Limit ,Type) end

4 Second instance (found in mnesta):
InitFun = fun(FixedSpec) -> dirty_sel_init(Where,Tab,
(cont.)FixedSpec ,NObjects ,Type) end

ﬂ
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4 First instance (found in mnestia_controller):

case val({Tab, where_to_read}) of
N -> mnesia_lib:set_remote_where_to_read(Tab);
_ -> 1ignore

end

/4 Second instance (found <in mnesta_controller):
case catch val({Tab , where_to_read}) of
To ->
mnesia_lib:set_remote_where_to_read(Tab);
_=>
ignore
end

S

4 First <instance (found in mnesia_event):
Fun = fun(I) when I < 10 -> ["_0",I];
(ry -> ["_",11
end,
List = lists:append([Fun(I) || I <- Integers])

4 Second tinstance (found in mnesia_Llibdb):

Fun = fun(I) when I < 10 -> ["_0", IJ;
(ry -> [".", I

end,

List = lists:append([Fun(I) || I <- Integers])
[AS

4 First instance (found in mnesia_schema):
case lists:keysearch(Tab, 1, R#r.table_options) of
{value, {Tab, 0OP}} ->
0P ;
false ->
R#r.default_op
end

/4 Second instance (found in mnesia_tm):
case lists:keysearch(Key, 1, Info) of
{value, {_, Vall}} ->
Val;
_ =2

0
end
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