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Abstract

Although the presence of dependence structures within code was established a long time ago it was
primarily used for the purpose of slicing which aided code modification, maintenance and debugging
process. The use of dependence structure of code for the purpose of categorization and analysis of
software quality is a very recent approach. The notions of dependence cluster and dependence
pollution was recently introduced through an empirical study which also suggested that global
variables were one of the primary causes of dependence clusters within code. The project takes
these notions of dependence cluster and dependence pollution to analyze their existence in depth.

This project involved development of a technique which could be used to locate and identify global
variables that are responsible for formation of large dependence clusters in programs. The
technique was implemented with the aid of a tool that allows the automation of the removal
process of individual global variables. Other major contributions of the project include proposing
framework for categorizing programs according to level of dependence present in them, framework
for classifying dependence clusters according to their detection and measurement criteria,
techniques that may be used to compare different characteristics of clusters and a framework for
categorization of programs according to the likelihood of them containing global variables that are
responsible for causing dependence clusters. The framework which uses the likelihood of presence
of global variables responsible for causing dependence clusters is given the name Global
Dependence Category. Use of this framework has also led to the development of an efficient
technique to locate key global variables that are responsible for formation of dependence clusters.

The results presented in this report were gathered from empirical study done on a set of 15
programs which perform a wide variety of tasks including games, POS management, source code
transformers and server applications. Study of the programs revealed that 8 of them contained a
cluster which covered at least 50% of the program, with 3 of the programs containing clusters that
cover about 90% of the program. These programs contained a total of 320 global variables which
were individually removed to obtain different versions of the codes. The different versions of each
program were compared with each other and analyzed to give 15 case studies. An overall study and
statistical analysis of characteristics of the global variables revealed that almost 50% of the global
variables caused some clustering whereas; only 27 of them were responsible for significantly large
clusters. Semantic (functionality) preserving refactoring of one of the test subjects was done to
restructure the use of identified global variables responsible for causing dependence clusters. The
refactoring process successfully removed dependence clusters present within the code making it
easier to understand and maintain.

This project completes the first part of a vision to develop an automated technique that can locate
and remove unwanted dependence clusters found in programs. This would make programs easier to
understand, maintain, test and scale. The work done in this project also paves the way for using
dependence level as a direct measure of software quality rather than as a method of measuring
cohesion in software. Further work following this project will lead to answering the research
guestions posed by this project such as “How to differentiate unwanted dependence from the ones
necessary?” and “How to automate the process of removing unwanted dependence using semantic
preserving refactoring?” Further research will need to be done to answer these questions before
the overall vision of automating the removal of unwanted dependence can be achieved.
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Chapter 1

Introduction

1.1 Background

Recent years have seen a growing trend in software outsourcing as, most modern organizations are
now having their entire software or parts of it developed by a third party software development
firm. Outsourcing generally reduces the time taken for software development and is more cost
effective then having an in-house development team of developers. Although this trend of
outsourcing has lead to more economically viable solutions, there are pressing concerns about the
quality of the software that is being delivered by offshore developers. Software testing remains
primarily the responsibility of the software firms doing the development however, client
organizations often want to perform a quality assessment of the software independently to ensure
integrity. This is because using the software in products developed by them ties their reputation
with the product and in turn the software in question. In most cases, the client organization have to
base the software quality assessment on the source code itself, as often the source code is the only
element delivered by the third party developers. Source code analysis has thus become one of the
most commonly used techniques to perform software quality assessment. !

There are many models used to perform for software quality measurement based on process, an
example of which can be quality maturity model of SEI Bl These models however cannot be applied
most of the time due to the nature of offshore development. There are several criterion and models
which could be applied to software quality measurement but there is little agreement on what
values actually indicate good quality software. This is partly because of the disagreement that
surrounds the use of software measurement metrics as part for software quality assessment > ©.
There have been proposals to use code-based syntactic measurements such as lines of code, number
of branches, depth of inheritance, and number of children for the purpose of software quality
assessment. These metrics however, can only be used to make measurements that are particular to
the code that is being assessed. The values obtained from this type of semantic analysis cannot be
used measure and compare software directly. Clearly, the depth of inheritance, number of children
and complexity of code will vary with the type and the complexity of the problem being addressed.
These metrics are thus regarded as too simplistic in the sense that they unable to capture properties
which have any correlation to software quality. " ® 9

One software measurement metric is the level of dependence present in code. Although
dependence analysis is performed as a part of static analysis, it is only included as a part of the
slicing process. Dependence structure of source code is not a characteristic that is used to categorize
or assess the quality of software as a direct measure, but is used to aid the measurement of
cohesion. In a recent study Harman and Binkley 2l defined and showed how dependence structure of
source code may be used to locate dependence clusters within the code. They also produced a
technique that may be used to visualize and find dependence clusters so that further analysis of the
clusters can be carried out to filter out dependence pollution (bad dependence). They did not use
dependence as a means of measuring cohesion but showed that dependence structures and the
level of dependence could be linked to the maintainability of the software. (2
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During previous survey 2 and this project it was revealed that there is abundance of large
dependence clusters real life programs. This project involves extensive and in-depth analysis which
focuses on aspects of program dependence because this is an important semantic property that is
related to maintenance and testing o Programs with high levels of inter-dependence are hard to:

= Understand — The complexity caused by dependence relationship makes it hard to separate
logical structures of a program, making it difficult to comprehend.

= Modify — When changes are made to a particular point in a program, the affect of the changes
are cast upon all other parts of the program that are somehow dependent on the modified
point. The level of dependence would thus translate to the portion of the program that may be
affected through the update.

= Test — Dependence makes it harder to isolated particular portions of interest which makes it
harder to generate test cases that could be used to target the portions of interest.

= Analyse — Automated tools cannot be applied to only sections of interest because of the affect
on the overall code.

According to the American National Institute of Standards and Technology, 80% of the software-
development costs of a typical project are spent on identifying and fixing defects 9 This also
constitutes for fixes and patches that are carried out after the release of the software. About half of
the resources and effort of a software development is spent on testing and debugging during the
development and prior to the release of the software. Gaining better understanding into what
causes dependence clusters and preventing them will considerably reduce the time and effort
needed during testing. Reducing the level of dependence in code will also have a positive impact on
maintainability, scalability and the quality of software.

The project was thus undertaken to perform an in-depth study of dependence structures found in
programs. The knowledge gained was then used to propose several frameworks that can be used for
program categorization based on dependence characteristics. During the project efficient techniques
for locating causes of dependence clusters were also developed which is aided by a tool that is able
to remove global variables from a program. The project is essentially the first step towards achieving
a vision of having an automated technique that can reduce unwanted or unnecessary dependence
found in source code. This project also demonstrates the importance of dependence analysis and
that this analysis technique could be used as a metric for assessing software quality.

1.2 Aim

To perform automated and Semi-Automated analysis into the causes of dependence clusters.

1.3 Objectives

For a project to be successful the objectives of the project must be SMART, that is they must be
specific, measurable, agreed up, realistic and time factored 11 Most projects in real world have
constraints related to finance, time and resources. However, because of the fact that this was an
academic project the major constraint of this project was time, as specific deliverables of the project
had to be completed within strict deadlines.
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The objectives of the project are defined below:

= To determine ways in which slicing can be used to understand dependence structure of
software, particularly dependence clusters with in software.

= To propose a framework for categorizing programs according the level of dependence.

= To propose a framework for classifying dependence clusters.

* To develop a tool that performs automated removal of global variables from programs.

= To use developed tool and technique to locate the possible causes of dependence clusters
within test subjects.

= To propose a framework for categorizing programs according to the likelihood of them
containing global variables those cause to formation of Dependence Clusters.

= To perform empirical study into characteristics of global variables and identify common
global variables that is responsible for dependence clusters.

= To evaluate work done during the project and recommend further work showing how this
project aids the big picture of improving software quality.

= To produce detailed documentation and report on the project and the tool for future
reference and use.

1.4 Motivation

The effect of updating software is one of the most serious problems that are faced by software
engineers. It has been found that simple updates made to software can have extensive and
unpredicted consequences. This problem of facing the effect of such source-code level changes is
one the key cost drivers behind corrective update actives such as y2k remediation, euro currency
conversion, zip code, telephone and bank account numbering changes 2 This is because the less
dependence there is in a program the lower the chances are of having a knock-on effect (or ripple
effect [13]). Therefore, a set of statements in a program that are mutually interdependent should be
dealt with care as a change one of them is in fact an alteration to all of them. This project aims to
reduce these problems associated with maintainability and scalability by locating and identifying
causes of dependence clusters so that code may be re-factored to reduce their effects.

Software developed in recent times tends to be large and bulky due to their interface and enormous
amount of functionality provided by them. This is also due to the fact that there is huge amount of
computational power available at relatively low prices. These factors have lead to the fact that
software engineering especially testing is shifting towards automation. Automating the ability to
locate variables by using a tool would significantly decrease the amount of time taken to perform
the task and hence would make it more efficient and effective. Such tools would also allow
developers to see the effect of code structuring and global variable usage during development so
that they can modify their approach to produce code that is more maintainable, extendable and in
essence is of better quality. The project thus emphasizes on automation by developing a tool to aid
the detection process which makes it a lot more efficient. This would in turn save huge amount of
effort and resources which are spent on fault detection and correction.

Lastly, looking at the perspective of software engineering associated research field it was seen that
dependence analysis has thus far been used to determine cohesion in software but, this project is a
step towards using dependence analysis as a metric for software quality measurement. It is also a
part of the big picture which aims at improving source code quality by making it more maintainable.
Further follow on work will be carried out in this context after the completion of this project will deal
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with the subjective task of identifying dependence pollution (bad dependence structure), removing
which will improve the quality of software thus achieving the big picture idea.

1.5 Scope

The scope of any successful project must be determined at the beginning of the project. Far too
many projects fail to achieve success because of ill-defined scopes. Due to the fact that this is an
academic project the scope of the project is very closely related to the aim, objectives and
deliverables of the project.

The scope of the project is defined by the following:

= Although the project looks into various causes of dependence clusters within source code, it
only extensively deals with the aspect of global variables causing dependence clusters.

= The project also focuses on automating the process of removing global variables using a tool
to determine which global variables, if any are causing large dependence clusters.

= The tool developed only deals with programs written in C/C++ programming language.

= The developed tool only automates the variable removal process and does not perform
slicing. Both of these are parts of the technique used to locate global variables that are
responsible for causing dependence clusters.

= Cohesion of software which is generally associated with dependence was not addressed
during this project.

= Although simple examples of dependence pollution was given in the project, the subjective
task of determining and separating dependence pollution from dependence clusters was not
within the scope of the project.

1.6 Chapter Preview

The report is structured into the following chapters:

1.6.1 Introduction

The introduction chapter of the report provides background to the problem, defines the aim and
objectives of the project. It also gives the motivation behind the project and defines the scope of the
project.

1.6.2 Literature Review
The chapter summarizes a literature survey that was carried out into the topics which are related to

the project. It also details the related work carried out in this area and defines notions used
throughout the report.
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1.6.3 Research Questions

This chapter is used to detail the research questions that were answered though the work carried
out during this project and are presented in subsequent chapters of this report.

1.6.4 Methodology

The chapter contains the idea behind the project and gives a high-level overview of how the project
work was carried out to achieve the aim and meet the objectives of the project. This chapter
illustrates a simple example of the code transformations were done during the project.

1.6.5 Design and Implementation

This chapter describes the implementation/practical work that was carried out during the project. In
particular the details of the specification, design and implementation of the tool that has been
developed along with relevant algorithms. This chapter also formally defines the transformation
rules that are used by the tool to perform the code transformations.

1.6.5 Empirical Study

This chapter gives details about the test subjects that were studied. It shows how clusters can be
categorized, the methodology used to locate dependence clusters from the actual data obtained,;
criteria use to categorize programs according to their dependence structures. It give details of case
studies carried out on the 15 test subjects, shows the refactoring process of code to achieve better
quality, provides overall finding into the characteristics of global variables and dependence
structures through general and statistical analysis.

1.6.6 Project Review

This chapter is used to review the entire project and draw conclusions about the work done during
the project. This chapter also details further work that can be carried out in this area following the
completion of the current project to achieve the overarching aim of improving software quality.



Chapter 2

Literature Review

2.1 Overview

This chapter gives a summary of the literature survey carried out into relating topics those were
dealt with during the project. The position of dependence analysis in the context of software testing
and software quality assessment is discussed, going into details about topics that are directly related
to dependence structures. Related work that has been done in this area is also summarized in this
chapter along with how this project carries on from the work done.

2.2 Software Quality Assurance

Software Quality Assurance (SQA) is defined as the function that ensures that the standards,
processes, and procedures are appropriately used and correctly implemented during software
development. SQA consists of the software engineering processes and methods used to ensure
quality. SQA encompasses the entire software development process, which may include processes
such as reviewing requirements documents, source code control, code reviews, change

management, configuration management, release management and of course, software testing!® 2*
27]

Software quality measures (1) how well software is designed (quality of design) (2) the degree to
which a system, component, or process meets specified requirements (16,27, 28] ' Thjs project only
concerns itself with the quality of design and any reference made to software quality within this
report will refer to (1) which is quality of design. Quality of design measures how good the design is
based on some fixed criteria. The criteria that could be used when determining the quality of
software are primarily: completeness, conciseness, portability, consistency, maintainability,
testability, usability, reliability, efficiency, scalability cohesiveness and security. (26, 29]

The project aims to improve the maintainability, testability and scalability of software by reducing
the amount of dependence present in code. Thus, the measure of dependence illustrated within the
project can also be used as a metric for assessing the maintainability of software or as a direct
criteria for measuring software quality.

2.3 Software Testing

Software testing is an activity designed to reveal the presence of fault in software 141, Although
software testing cannot be used to show the correctness of the software it can be used to show the
absence of faults. In a more abstract view it can be regarded as measurement of the quality of
developed computer software. This project deals with software testing at an abstract level as it deals
with quality of the software in terms of testability. There are various techniques that are in use
today which are used to perform software testing, but effective testing of complex software is
essentially a process of investigation, not merely a matter of creating and following routine
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procedure ™! In recent times there has been an immense push towards automating the testing
process of software due to the fact that it takes up a significant part of the software development
process. This reduction of dependence present in source code would also improve the testability of
software thus making it easier to use automated testing tools to achieve better results.

2.4 Source Code Analysis

Source code analysis can be regarded as any automated or semi automated procedure that results in
the understanding of the semantics of the source code. ™! The word semantic here is used to refer
any property of the source code. As the name indicates source code analysis is a form of analysis
that can be carried out directly on the source code of a program itself. This is a technique which can
be used to gather data to aid software testing and is widely used in both small and large scale
software development. There are different types of analysis that can be carried out on source code,
for which various metrics are used. Static and dynamic analysis can be performed on source code;
the first is done without executing the code while the second is performed by executing the code
using a set of data. 217 For the purpose of the project only static analysis will be used and source
code analysis will refer to static analysis from herein forth unless mentioned otherwise. These
notions are closely related to “static testing” and “dynamic testing”. However, since the project
deals with analysis rather than testing in the sense that it does not aim to find faults in the software
but improve the quality, the term analysis rather than testing is used.

2.5 Static Analysis

Static source code analysis is the process by which software developers check their code for
problems and inconsistencies without compiling 07 1t is the analysis of programs that is performed
without actually executing its source code. The term is usually used to refer to the analysis
performed by an automated tool whereas; manual analysis performed by humans is regarded as
program understanding or program comprehension.

The sophistication of the analysis performed by tools varies from those that only consider the
behaviour of individual statements and declarations, to those that include the complete source code
of a program in its analysis. Uses of the information obtained from the analysis vary from
highlighting possible coding errors to formal methods that mathematically prove properties of a
given program. There are numerous tools available that automatically analyzes entire programs,
generates charts, reports and graphically present the analysis results. Some of them are even able to
recommend potential solutions to identified problems. Static analysis tools scan the source code and
automatically detect errors that typically pass through compilers and become latent problems 21
Some of which are mentioned below:

= Unreachable code

= Unconditional branches into loops
= Undeclared variables

=  Uninitialized variables

= Parameter type mismatches

=  Uncalled functions and procedures
= Variables used before initialization
= Non-usage of function results

=  Possible array bound errors

=  Misuse of pointers
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Research has shown that, use of static analysis during development stage can reduce defects by as
much as 60%. This is because most of the defects detected at this stage are non-trivial errors which
were made due to simple programming errors and are easily resolvable.?

Dependence analysis carried out during this project is a form of static analysis as the source codes of
the test subjects will be analyzed without executing the code. The tool developed during this project
is able to remove global variables from source code and an extension to the tool will allow it to give
measurement of dependence levels of code and show suspect global variables responsible for
causing dependence. Programmers will then be able to use the tool in the development stage to
ensure that they conform to structures which ensures that the code is easily maintainable. A change
to the structure of code during early stages of development to improve its quality is far more cost
effective and efficient then doing it at a later stage.

2.6 Dependence Analysis

Dependence analysis deals with the study of dependence structure and dependence relationship
present within code. ) This is a form of source code analysis that can be carried out directly on the
source code itself. There are two types of dependence present in source code namely data
dependence and control dependence. The first is caused through the use of the value of a data
object. That is a situation whereby computer instructions refer to the results of a previous
instruction stored in a data object. The second one is caused by instructions that are able to control
the execution of another statement.

2.6.1 Data Dependence

There is said to be data dependence between nodes n and m on variable x, if x is defined at n, x is
used at m and a path exists in the control flow graph from n to m along which x is not redefined or
killed off.

1 x=1;

2 y=2;

3 if(c)

4 X++;

5 while(x>0) {

6 X--;

7 y+=X; X++;
}

Figure 2.1 — Data Dependence
[Adapted from Advanced Software Engineering lecture notes by Prof. Mark Harman]

Simply putting it, the existence of a dependence relationship due to use of the data values is known
as data dependence. Figure 2.1 shows the extract of a simple piece of code along with the control
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flow graph (CFG) for the code. Data Dependencies that exist between the nodes are shown using
dotted lines in the CFG.

2.6.2 Control Dependence

Control flow (or alternatively, flow of control) refers to the order in which the individual statements
are executed or evaluated. If a statement X determines whether statement Y is executed, statement
Y is control dependent on statement X. This is what gives rise to control dependence. (23]

1 x=1;
2 y=2;
3 if(c)
4 X++;
5 while(x>0) {
6 X--;
7 y+=X;
}

Figure 2.2 — Control Dependence
[Adapted from Advanced Software Engineering Lecture Notes by Prof. Mark Harman]

Figure 2.2 shows the extract of the same piece of code as in Figure 2.1. Figure 2.2 also shows the
control flow graph (CFG) for the code. Control Dependencies that arise through control flow
between the nodes are shown using dotted lines in the CFG.

This project deals extensively with dependence analysis and the tool developed during the course of
the project has been used to aid dependence analysis of source code. From herein forth unless
otherwise stated any reference to dependence will mean inclusion of both data and control
dependence.

2.7 Slicing

Slicing is the technique of extracting a semantically meaningful portion of a program, based upon a
user defined slicing criterion (a program point and variable of interest). Program slicing is very
powerful and helps in debugging, testing, parallelization, integration, software safety,
understanding, software maintenance, and software metrics. [, 24. 25, 32, 34) Slicing does this by
extracting a computation that is potentially scattered throughout a program. It can be used to find
parts of a program (lines of code) that could have an effect on a particular point which is of interest.
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A slicing criterion is used to define the point of interest. Slicing using a slicing criterion Slice(x, n)
gives all the statements which directly or indirectly contribute to the value of a given variable x at a
given statement at line n. Consequently, it is easier for a programmer interested in a subset of the
program’s behaviour to understand a slice, as each slice will only contains related statements of the
program according to the user-defined slice criteria.

Slicing can either be dynamic or static. Dynamic slicing involves making assumptions about inputs
and using input values while computing slices. Whereas, static slicing involves analyzing the text of
the program (code) without first running the program or knowing its input. Slicing can also be done
forwards or backwards. Forward slicing finds all program points after the slicing criterions which are
affected by the criterion. Static backward slicing is essentially finding all the program points or
statements that have an impact on the point defined by the slicing criterion ™ 2%2>32 3437 gor the
purpose of this report slicing will refer to static slicing unless otherwise stated. The results
represented in this report use Systems Dependence Graph (SDG) to compute slices.

Original Program Relevant Statements for | Static Backward Slice for

Slice(prod, 10) Slice(10,prod)

1. Read(n) 1. Read(n) 1. Read(n)

2. i:=1; 2. i:=1; 2. i:=1;

3. sum :=0; 3—sum-=0- 3. prod:=1;

4. prod :=1; 4. prod :=1; 4. while(i<=n)do

5. while(i<=n)do 5. while(i<=n)do 5. prod :=prod * i;

6. sum:=sum+i; 6—sum—=sum++ 6. i:=i+l;

7. prod:=prod*i; 7. prod :=prod * i; 7. write(prod)

8. i:=i+l; 8. i:=i+l;

9. write(sum); 9 —write{sum):

10. write(prod) 10. write(prod)

Figure 2.3 — Static Backward Slicing
[Adapted from Advanced Software Engineering Lecture Notes by Prof. Mark Harman]

Figure 2.3 illustrates an example of static backward slicing. Backward static slicing is performed on
the extract of the code shown under the column left using a slicing criterion Slice (prod, 10). This
means that the slice should return all statements that have can affect the value of the variable
“prod” at line 10. In the second column of the same figure, it can be seen that the lines 3, 6 and 9
have no effect and thus are not a part of the slice. The column of the right shows the slice obtained
by using the criteria Slice (prod, 10).

2.8 Dependence Cluster

A dependence cluster is a set of program points that are mutually dependent upon one another. (2l
Program points from the definition refer to the nodes of a program. As, there is a dependence
relationship between all the points within the dependence cluster, any change made to a point
within the cluster has the potential to effect all other points within the same clusters. Although such
clusters are indicators of high cohesiveness of the code, they can have adverse affect on the ability
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to maintain and update the program. Generally a highly cohesive program will also have a high level
of dependence as all the inter-related statements are found together within the program itself.
While software measurement metrics tend to be syntactic, dependence analysis can look into
deeper semantic structure, the concept of cohesion however goes further into semantics, requiring
a domain level understating of the problem being solved. Cohesion can be regarded as a much
deeper concept then dependence and further discussion is outside the scope of this project.

The major concern of having large dependence clusters within a program is the adverse effect it has
on system maintainability, re-engineering and scalability. It also makes the program harder to
understand as mental models are difficult to build. ¥ Formal definition of dependence clusters as
defined by Harman and Binkley  can be found below:

A dependence cluster is a set of nodes, {N;........... N.} (m>1), of the Control Flow Graph
(CFG) such that for all i, 1 <i < mand for all j, 1 < j < m N; depends on N;.

As already mentioned a program slice is a semantically meaningful portion of a program that
captures a subset of the program’s computation, which is also any part of the program that has the
ability to influence the slice criterion. So, from this it can be said that any two nodes that have a
dependence relationship between then will be a part of the same slice. Furthermore, since a slice
contains the node specified in the slice criterion, where two nodes have identical slices, then each
node must be in the slice of the other and therefore, each node must depend upon the other. From
this, it is also possible to say that, if two nodes yield identical slices then they depend upon each
other. In other words program points that belong to the same slice are part of the same dependence
cluster.

It would be possible to locate dependence clusters by finding slices and checking to see which slices
are identical. However, in this project, an approximation technique developed by Harman and
Binkley 2 will be used. The approximation technique compares the slice size of slices yielded by two
nodes rather than checking to see if the slices are identical. The conjecture which underpins this
approximation is that two slices which are the same sizes are likely to be the same slice. Clearly, this
approximation is conservative because any cluster identified may contain real clusters and no real
clusters will fail to be identified this way. That is the two slices may differ yet, coincidentally may
have the same size. However, two slices which are identical must always have the same size. It was
also reported that 99.6% of the slices of the same size had contents that differed by a maximum of
1%.9 By extending the study they were also able to show that only 0.00533% of the slices failed to
completely agree when a tolerance level of 1% was used as a threshold. ! During their study it was
also found that 80% of the programs analyzed contained dependence clusters of size 10% or more of
the entire program. 1!

The approximation technique is far more efficient in terms of the computing power needed
compared to checking to see if two slices were identical. It also leads to a useful visualization
technique for identifying clusters. A Monotone Slice-Size Graphs (MSG) is a graph of the function of
slice size, plotted for monotonically increasing size. 2 That is, slices are sorted in increasing order of
slice size and the sizes are plotted on the vertical axis against slice numbers on the horizontal axis.
This results in the plotting of a landscape of monotonically increasing slice sizes, in which
dependence clusters correspond to sheet-drop cliff faces. MSG is a form of visualization that can be
used to view the formation of clusters in a programs dependence structure. Although, MSG is a great
asset when manually verifying the dependence structure, it cannot be directly used to compare the
changes in clustering within an automated system. The values of the slice sizes are used to perform
such comparisons and measure changes. There are several techniques developed during this project
which are used to compare the characteristics of clusters. These techniques are all detailed in
section 6.4 and section 6.5 of chapter 6 of this report.

11
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Figure 2.3 shows the MSG for one of the test subjects

that were analyzed in this project called C2PC. This is
;‘Zgg | a program for converting standard Pascal programs
2000 ] to C. The highlighted portion shows the presence of a
1000 large dependence cluster in the program. The cluster
spans for almost 87% of the program in terms of the
number of slices that it includes. Again such
Slice Number visualization techniques are great for understanding
the dependence structure but cannot be use by
Figure 2.4 — Dependence Cluster (MSG) automated tools to measure the changes in
clustering.

MsG Dependence Cluster

Program Nodes

207

413

619

825
1031
1237
1443
1649
1855
2061
2267
2473
2679
2885
3091
3297
3503
3709

Dependence cluster in programs can be caused by the following:

= Loops — The body of a loop may be called several times depending on the loops counter. This
leads to formation of extremely large clusters especially so, if the size of the body of the loop is
considerably large. Loops have inherent dependence structure within them.

= Global Variables — Global variables and pointers that refer to the variables, have a scope that
covers the entire code. Any point where the global variable is used will also become a part of the
cluster which contains the global variable. Pointers are commonly used in C programming to
make programs more efficient. Pointers that are used to refer to such global variables have a
similar effect on the size of the dependence cluster. The tool that is to be developed during this
project will be used to locate global variables within a program that cause large dependence
clusters.

=  Mutually Recursive Clusters (MRCs) — Mutual recursion of function calls leads to formation of
dependence clusters because each function (transitively) calls all the others, making the
outcome of each function dependent upon the outcome of some call to each of the others.

= Capillary Data Flows (CDFs) — Data flow which occurs between two large and otherwise
unconnected clusters through a single variable. The variable acts as a
small ‘capillary vessel’ along which the dependence ‘flows’ linking the two unconnected sub-
clusters to create one large cluster. [2,25]

From the explanation on dependence clusters given above it would seem like the presence of large
clusters is a negative feature of the code which however may not be the case. The presence of
dependence cluster can only be used to show presence of cohesion in the source code, which also
means that the presence of large clusters means there is good cohesion in the source code. Presence
of dependence cluster or for that matter, the presence of large dependence clusters in a program do
not necessarily mean that the code is of poor quality or ill structured. It may very well be the fact
that due to complexity of the problem or the nature of the solution the code will inherently contain
large dependence clusters. So, Dependence cluster cannot be used as a direct measure of the quality
of code. That is it cannot be said that code with large dependence is necessarily badly written or has
an inferior quality. This leads our discussion into the area which concentrates on bad dependence or
dependence structure whose presence can indicate inferior quality of code.

2.9 Dependence Pollution

Although dependence clusters represent program cohesion they are undesired because they cause
serious issues during program maintainability. But, as already mentioned, presence of dependence
cluster does not prove that the code is of poor quality as they may be unavoidable in some cases.

12



Chapter 2: Literature Review

Whether there is a need to use constructs that cause large dependence within code is specific to the
problem that is being solved by the program and may not be readily answerable without
comprehensive domain level understanding of the program itself. This is why the matter of deciding
whether a dependence structure is regarded as subjective and lies outside the scope of the current
project. However, brief discussion is presented here for the reader’s comprehension of what needs
to be achieved in the future work that is to follow this project.

Dependence pollution occurs when a program contains a large dependence cluster which arises
because of the use of some avoidable programming construct or feature 221 In terms of programs,
it may be regarded as the ease by which refactoring (semantics preserved) of the code can be done
to remove the cluster. Whether a dependence cluster can be regarded as dependence pollution is a
subjective matter and requires further investigation into the semantics, requirements and design of
the program along with a domain level understanding of the problem being solved.

Due to the fact that dependence pollution is said to have occurred only when there is presence of
large cluster which was avoidable it can also be said that, dependence pollution can be removed
through re-factoring or transformation of the code. This leads to the conjecture that although the
presence of dependence cluster in code could not be used as a direct indication for the quality of the
code, the presence of dependence pollution does mean that the code is of poor quality. It can
therefore be said that maintainability of software or in other words, software quality can be
improved simply by removing dependence pollution from code which will in turn save a lot of money
during system maintenance and upgrades.

Global variables are deemed to be one of the major causes of dependence clusters. Global variables
have a scope that spans the entire code in which they are declared. Their use in various parts of the
program generally links the dependence clusters formed by those parts of the program to form a
large dependence cluster.”

As defined by the project scope the project will only extensively look into the how global variables
contribute to the presence of dependence cluster within code. The other reasons will not be taken
into account unless mentioned otherwise. The report will also only deal with the identification of
global variables that cause large dependence clusters and will not discuss in length the subjective
matter of deciding whether a program has dependence pollution. However, a few in-depth case
studies of programs were undertaken to show the link between the large dependence cluster and
dependence pollution and how the actual improvement of code may be achieved. These aspects will
be dealt with in more detail in chapter 6 of this report.

2.10 Related Work

There has been lot of work done which relate to dependence in source code and into their structure
[30, 31]. Several surveys carried out on slicing techniques, applications, and variations [32, 33, 34]
revealed the use of slicing to many problems related to software maintenance, for example re-
engineering, program comprehension, debugging, testing, cohesion measurement B¢ and impact
analysis 321, Slicing has been applied to locate dependence clusters. 2 work done by Black ¥ is
directly related to this project as it uses dependence analysis to measure the ripple effect. The paper
by Harman and Binkley 2l was however the first to introduce dependence clusters and dependence
pollution. They also showed how slicing could be used as a mechanism for locating these clusters.

13
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This work was closely related to previous work by the authors >3 to using slicing as a means to an
end rather than an end in itself.

Balmas®® used dependence analysis as part of a visualisation to assist with comprehension and

maintenance activity. In her work, Balmas concentrated on managing the complexity of dependence
graphs, by presenting them in a nested manner. Work done by Harman and Binkley 2 showed how
simple approximation techniques and visualization through Monotone Slice size Graphs (MSG) may
be used to establish and visualize the presence of dependence clusters. Their methods were also
verified and validated through promising results achieved during empirical study.

The work done by Black '**!, Harman and Binkley ' both are closely related to the work reported in
this project, because of the assertion that dependence clusters are harmful to maintenance is
derived from their increased potential for intra cluster ripple effects. This project takes its core ideas
from work done by Harman and Binkley to develop techniques to identify global variables
responsible for causing dependence clusters. It also builds on the work done by them by extending
the empirical study on a set of different programs. In this project dependence clusters have also
been classified according to how they are measured. Different frameworks which can be used to
categorize programs have also been proposed. Thus, the project extends the work done in this field
of software engineering through several important contributions.

2.11 Summary

The literature survey reveals that although dependence was proposed as a measurement basis for
cohesion in software ™ it was not used or proposed as a measure of maintainability or for direct
measure of software quality. This project shows that dependence can be used as direct
measurement criteria for maintainability or software quality and reduction of dependence can in
fact improve quality of software. This project draws its core ideas and techniques from some of the
work mentioned in the literature survey and extends the research work done in this area of software
engineering. The project contributes to the field by proposing different measurement techniques of
dependence clusters, categorization of program according to level of dependence within them and
also categorization using the likelihood of the program containing global variables that may be
responsible for dependence clusters within the programs. The entire process of identifying global
variables those are responsible for causing dependence clusters have also been mostly automated
through the development of a tool.
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Research Questions

This chapter of the report puts forward all the research questions that were dealt with during the
project to achieve the aim and objectives of the project. The research questions that the project
aims to answer through empirical study are detailed as follows:

3.1 How can the process of removing global variables from source code be automated?

The removal of global variables in a program is not a simple search and replace problem. It is a
problem where replacement of variables depends on the context in which they occur within the
code. Each occurrence of the global variable needs to be dealt with separately based on how and
where they are used.

Firstly, a set of grammatical rules needed to be defined based on the different ways that global
variables may occur/used in a program. Finally, a tool had to be built which could use the set of rules
in order to perform the code transformation to remove global variable(s) automatically. The tool
developed is one of the major contributions of this project. It should be noted that grammar based
rules are specific to the language whose grammar is being used. For the purpose of this project only
program written in C/C++ were dealt with and the rules were defined using the grammar for C/C++
language.

An example of the type of code transformation that needs to be achieved is detailed in section 4.3,
page 22. The algorithm for the transformations used during implementation is detailed in section
5.4.1, page 29 and the set of grammatical rules have been defined in section 5.5, page 30 of this
report.

3.2 How can programs be categorized based on the level of dependence present within
them?

Each and every program written will have a dependence structure showing some level of
dependence. It is necessary to be able to categorize programs according to the level of dependence
present in them which allows the identification of programs that have a high level of dependence.
Programs with high level of dependence are the ones that are most likely to cause problems during
maintenance and update. Furthermore, as restructuring of code to reduce dependence requires
domain level understanding of the problem, it also requires human intervention. Thus, it would be
very practical to look into programs that have a high level of dependence to make efficient use of
resources.

During the project a framework for categorizing programs according to the level of dependence
present in them was proposed. The test subjects considered for the empirical study were
appropriately categorized according to the proposed categorization framework. The results for the
distribution of the test subjects based on level of dependence present in the code can be found in
section 6.2, page 42.
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3.3 Does a significant portion of programs studied contain large dependence clusters to
justify research in this area?

Any research work done must be validated by showing that the problem addressed is an
actual real life problem which is worth solving. Not only the presence of such problem needs
to be shown, it is also important to be able to determine the regularity with which they
occur. This is needed to justify the effort and resources spent doing research to resolve the
particular problem.

In perspective of this project, there is a need to illustrate the abundant presence of
dependence clusters in program studied to justify the work done during this project and to
encourage further follow up work after completion of this project.

This research question is answered by studying the abundance of large dependence clusters
in the test subject of the empirical study and can be found in section 6.2, page 42.

3.4 Do different measurement criteria for cluster detection yield significant number of
different clusters to justify having different classifications according to how they are
measured?

Dependence clusters have two different characteristics to them namely, length and area. If, the
clusters detected vary significantly depending on which characteristic is used to measure and detect
them, it would justified having different classifications for clusters according to how they are
measured. The results for the study to answer this research question can be found in section 6.3.1,
page 43.

3.5 How can dependence clusters be classified based on the criteria used for their
detection and measurement?

This is a follow on question to the one previously detailed in section 3.4. While answering the
previous question it was found that different measurement criteria lead to detection of significantly
different clusters. Thus, a classification technique needed to be developed to incorporate clusters
detected using different characteristics.

During in-depth analysis of the cluster problem it was revealed that simple cluster measurements
such as the “largest cluster” of a program may not always turn out to be large enough to worth
looking into. It may even sometimes be the case that the largest cluster is not even a real cluster due
to some constraints. Thus, to address issues of isolating clusters that cover a significant portion of
the program and are worth analyzing, several classifications of dependence clusters were developed.
The framework for classifying clusters according to how they are detected and measured is a major
contribution of this project and can be found in section 6.3, page 46.
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3.6 What techniques can be used to compare the different characteristics of clusters?

The detection of global variables that are responsible for causing dependence clusters requires
comparison of the dependence structures from different versions of the same code. This leads to the
requirement of techniques that can be used for comparing the characteristics of the clusters with
each other. The project therefore outlines several such techniques that may be used to compare a
set of clusters with another. The details of which can be found in section 6.5, page 55 of this report.
The results of using each of these techniques on the subjects of the empirical study have been
presented in Appendix-A.

3.7 How can programs be categorized according to the likelihood of them containing
global variables which are responsible for causing dependence cluster?

Programs can be categorized according to the level of dependence present in them. From these
programs with abundance of dependence clusters can be identified as potential re-factoring
candidates to reduce dependence.

However, as previously mentioned there are factors other than global variables that may be the
actual cause of formation of dependence clusters in programs. Dependence cluster analysis and
refactoring of code is resource and time intensive. It would thus be very practical and efficient to be
able to categorize programs according to the likelihood of them containing global variables that are
responsible for causing dependence clusters. This would also make it easier to identify programs
that are more likely to show an improvement in its quality through refactoring of the global variable
structure. This research question is addressed in section 6.6, page 60 of this report.

3.8 How can we efficiently locate the key global variables causing dependence clusters
within programs?

One of the key contributions of this project is the development of an efficient technique to identify
global variables that are responsible for causing dependence clusters. Further discussion and
answer to this research question can be found in section 6.7, page 61.

3.9 Is there a commonality in the semantic use of key global variables identified to be
causing dependence clusters?

This project includes empirical study carried out on a set of fifteen programs. Once the key global
variables causing dependence clusters have been identified, the programs will then be analyzed to
gain a domain level understanding of what semantics structure exists for the global key variable and
how they are used. This leads to identification of a few common uses of global variables that cause
clustering. Section 6.9, page 80 of this report details the answer found to this question.
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3.10 Can semantic preserved refactoring of dependence causing global variables be used
to improve software quality?

Although this project primarily deals with the analysis of dependence clusters and a technique for
identifying global variables that cause dependence clusters; it forms a part of the overall vision to
improve software quality. Being able to reduce the dependence level within code improves the
maintainability, understand-ability and scalability of software which in turn also improves the quality
of the software itself.

For this project to make a mark in the area of software quality assurance and in the future be
extended to formation of a technique that can automatically re-factor code to remove unwanted
dependence; it is require to show that once the key global variables have been identified, refactoring
the structure of the key global variable within the code could improve the quality of software while
preserving the semantics of the program. Section 6.10, page 82 of this report addressed the research
question posed here.

3.11 What percentage of global variables in the programs studied caused a change to the
level of clustering?

It is a general assumption that removing any global variable would reduce the dependence structure
of code. But there can be instances when removal may not affect the clustering, in fact there may
also be instances when the clustering may seem to increase if compared in relation to the entire
program. It is thus necessary to gain and understanding into the percentage of global variables that
show some amount of increase, decrease and have no effect on clustering. This values can then be
compared to the number key global variables identified to be actually causing large clusters in the
test subjects. The answer to this question has to come from analysis of the overall data collected
from all the removals performed for the entire set of test subjects. The detailed explanation and
answer to this research question can be found in section 6.11, page 83 of this report.

3.12 Is there a statistically proven correlation between the reduction in number of nodes
to that of the area for any program and its clusters, due to removal of global variables?

Removing global variables reduces the number of nodes in the program. This is because some of the
nodes that represented declaration/assignments to global variables are removed. In cases where
the removed nodes are also a part of the slices that form a cluster, the area of the cluster will also be
reduced. This is the effect of the reducing the actual number of nodes of a program through the
removal of global variables. However, if a global variable is causing clusters to form, its removal
would not only reduce the number of nodes and the area of the cluster but would break up such
clusters; hence, showing a far great effect then caused by variables that do not play a key role in
formation of clusters.

Statistical analysis to find the relationship between the reductions in number of nodes to that of the
reduction in area of the entire program and its clusters would show whether there is a consistency
between the two reductions. A strong relationship would suggest that most global variable do not
break up the clustering hence, the number of key variable that are responsible for formation of
dependence clusters is very small. The results for the statistical analysis to answer this research
guestion is found in section 6.12, page 85.
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Methodology

4.1 Overview

One of the major contributions of this project is development of the technique to identify global
variables which are responsible for causing dependence clusters. To make the technique more
efficient, it was mostly automated through implementation of a tool which can remove global
variables and also through automation of the analysis process.

The process of determining whether dependence clusters present in a program can be considered as
dependence pollution is not readily decidable and requires extensive further research and resources
before an attempt at automating the process can be made. The task of attempting to identify
dependence pollution is thus, not within the scope of this project.

Figure 4.1 on the left gives an overview of the

Source Code practical work done during the project. It initially

involves slicing of source code. The slice-size data

Slicing from the slices were then turned into MSG

Program Slices | _ (Monotonic Slice Graphs) for visualization of the

RN dependence structure of the program. The dotted

Draw \\\ line in the diagram represents automated

\ calculation of the dependence structure using the

MSG \‘. data without the aid of visualization such as MSG.

Visualization '. Several scripts were used to perform automated
1

! calculations to find the different characteristics of

tocate / dependence clusters which are of interest. The
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K data collected was then analyzed to identify the

A e global variables that were responsible for causing

Dependence « dependence clusters. Once the global variables

Clusters that were causing dependence were identified it

Analyze: ) would be possible to reduce or eliminate the
Cluster Size & Problem Points :

Y dependence by refactoring the code. Although,
Determine Globals refactoring was done during the project to show
causing Dependence the existence of dependence pollution and

Clusters illustrate improvements in source code; it was not

automated or dealt with extensively as it lies

Figure 4.1 - Project Overview outside the scope of the project.

The data collected during the empirical study was also used to do overall analysis of all the test
subjects, coming to general conclusions regarding dependence structures and global variables itself.
Statistical analysis of the data was also done to find correlations between different sets of values
that were collected from the analysis.

At this point, it is worth a quick reminder of the fact that there are several different factors other
than global variables which contribute to the existence of dependence structure in source code. This
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project will however, only deal with global variables that cause dependence clusters. To automate
this process of identifying global variables that cause dependence a tool has been developed which
will be able to remove the occurrences of a particular or a combination of global variables from a
given piece of code. At this point it should be noted that when referring to global variables it
includes all types of data objects that has a global reach example global variables, pointers, array,
structures etc. The following sections of this chapter will detail each step of the project.

4.2 Identifying Suspect Global Variables

It is known that global variables are one of the causes of dependence clusters 2. To determine
whether a particular global variable is responsible for clustering within a code, versions of the same
code with and without the variable needs to be compared. Analyzing the difference in dependence
structure between the original code and the modified version (after the removal of the variable) will
show whether the variable removed is responsible for dependence clusters. If there is no or very
little change seen in the dependence structure between the two versions then it can be said that the
variable was not causing a significant amount of clustering. However, if there is a noticeable
difference between the dependence structures of the two versions of code then it can be said with
certainty that the variable removed was responsible or played a significant role in the dependence
cluster within that code. This conjecture is only valid if it can be ensured that the two versions of
code being compared only differ because one version contains that global and the other does not.

This fact can be explained even more clearly using the MSG visualizations shown in Figure 4.2. The
three MSGs shown in the figure are drawn from different versions of code of a particular program.
The MSG shown in Figure 4.2(i) is drawn from the original code where as the MSG shown in Figure
4.2(ii) has been drawn from a version of code from which the global variable “A” had been removed.
The third MSG shown in Figure 4.2(iii) is the version of the original code which has the global
variable “B” removed. For simplicity let us assume that this program only contains the two global
variables “A” and “B”.

Original MSG MSG with Variable A Removed MSG with Variable B Removed
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«
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Figure 4.2(i)

Figure 4.2(ii)

Figure 4.2(iii)

Figure 4.2 -Suspect Global Detection from MSG

From the MSG of the original code it can be seen that there is the presence of an extremely large
cluster in the program which spans about 64% the program. Removing the global variables “A” from
the code did now show any significant change in the dependence cluster. This shows that the global
variable “A” was not responsible for the dependence cluster in the code.

However removing another global variable called “B” reduced the size of the cluster to less than half
of its original size. This shows an immense reduction in the cluster size. It can be said with certainty
that the global variable “B” is responsible for causing dependence clustering within the code. This
could essentially mean that during maintenance changes to a node within the large dependence
cluster of the original program could affect 64% of the program where as now it can only affect less
than 37% the program, thus significantly reducing the knock-on or ripple effect. 2 This reduction
also makes the program easier to understand and more maintainable.
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Now, it can also be seen that even after removing global variable “B” there is still a cluster left in the
MSG. This can either be caused by one of the other global variables present in the code or by one of
the other factors that cause dependence clusters. However, as it was assumed that there are only
two global variables in the program, the reason must be the latter.

The same conjecture given above is used to determine which of the global variables in a program, if
any are causing dependence cluster. The idea when it comes to a particular program is that several
modified versions of the source code are created. Each version will have one of the global variables
of the program removed from it. The dependence structure between each modified version and the
original code will be compared to see which versions of the code shows a significant drop in the
clustering. The variables missing from the versions of the code that demonstrates a considerable
drop are the ones responsible for the clustering within the code.

At this point it is worth discussing the fact that a program may have more than one variable that is
responsible for the clustering. A version of the code with all variables removed will be compared to
the original one to see the difference. This will help to determine if more than one variable is
responsible for the clustering. It may also be in some cases that a combination of variables needs to
be removed to see a significant drop in the clustering but removing any of the variables on its own
does not have the same desired impact. This phenomenon was found in one of the test subjects and
is discussed in greater details with examples in chapter 6 of this report which details the empirical
study. Figure 4.3 given below demonstrates an overall view of the process and the technique that
would allow isolating suspect variables.

Tool used to remove each Global in turn and then all globals at

ioi the same time, in each case getting modified version of code. .
Original Source g g f f Modified Source

Code g Code

Slicing using CodeSurfer Slicing using CodeSurfer

Slices Slices

Determine Determine
Dependence Clusters Dependence Clusters

A 4 y

Analyze Dependence Analyze Dependence

A
y

Compare and isolate Globals causing
dependence clusters

Figure 4.3 — The Detection Methodology

The project firstly, required the development of the tool which could automate the process of
removing global variables from source code. Once the tool was developed it was used to obtain
several versions of the programs (test subjects) as described above. Slicing was carried out on the
modified versions of the code and data collected. The data was analyzed to determine global
variables that area responsible for causing dependence clusters and to perform other studies to
answer the research questions posed during the project.

The implementation of the tool will be discussed in details in chapter 5 of this report but the idea
behind the variable removal process is detailed in the remaining sections of this chapter.
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4.3 Removing Global Variables

Figure 4.4 illustrates a simple example of source code transformation to remove the global variable
x from the code shown. The extracted code shown has been simplified to provide an easy example
of what is to be achieved. Please note that the code only illustrates global variables and pointers
however the removal process will also include structures and arrays as well.

Original Source Code Modified Source Code
1:inta,b,x; 1:inta,b;
2:int *ptr = &x; 2:int *ptr = NULL;
3: x=10; 3:
4: a=5; Code Transformation 4: a=5;
5:b=10; 5:b=10;
6:x-b, |
7:X=a++; —/ 7:a++;
8:a=x; 8:a=1;
9:inty=a+x+b; 9:inty=a+1+b;
10: *ptr = 20; 10: *ptr = 20;
11: if(x ==10) 11:if(1 ==10)
12: a=b; 12: a=b;
13: cout << “X =" << x; 13: cout << “X="<< 1;
14: cin >>x; 14:

Figure 4.4 — Global Variable Removal Example
Explanation of transformations shown in Figure 4.4:

Line 1: Because x is being removed the declaration of x will have to be removed from the code.

Line 2: The pointer *ptr points to the variable x by using &x. As pointer ptr acts as an alias for
variable x it will have the same effect as x and causes dependence clusters. As the aim is to remove
all instances of the global variable in question &x will be replaced with NULL. This may cause the
program to crash when it runs, but will keep it compliable and will serve our purpose for this project.

Line 3: The only operation being performed in the line is an assignment to x. Therefore the whole
line may be removed.

Line 4 / Line 5: Doesn’t have an instance of the target variable hence, requires no modification.
Line 6: Same transformation as line 3

Line 7: This is similar to line 6. But, other than the assignment to the target variable another
operation is also being performed on a. Removing the entire line would change the dependence
caused by a which will affect the analysis process. Thus, the line is transformed to a++ to ensure
that there is no unwanted impact on dependence caused by a.

Line 8 /Line 9: The value of the target variable is being used. Here the variable can be replaced with
a constant of the same type as the variable. Here the variable is integer thus x is replaced with 1.

Line 10: No occurrence of variable hence no medication required.

Line 11: Here the value of x is being used thus it can be replaced with a value just as in line 9.
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Line 12: No occurrence of variable hence no medication required.
Line 13: Here the value of x is being used thus it can be replaced with a value just as in line 9.
Line 14: The line is dropped as it only contains an assignment to the target variable.

At this point it should be noted that the code needs to be compliable after the transformation takes
place. However, there is no need to preserve the semantics (functionality) of the code. It also needs
to be ensured that only the global variable in question is removed, keeping the other parts of the
code intact so that the dependence caused by the other parts are not affected. Upon completion of
the development of the tool, it was evaluated to satisfy all the above mentioned concerns. The
details of which can be found in section 5.6 of chapter 5.

4.4 Slicing

Once different versions of the source code have been obtained by using the tool to remove global
variables, slicing of the original and the modified codes will have to be carried out. A well known
commercial tool called CodeSurfer was used for this purpose.

CodeSurfer Application Program Interface (API) can be accessed using scripts written in functional
language Scheme. The scripts allow CodeSurfer to be used as a slicing tool and were adapted with
the kind permission of Zheng Li of the Software Engineering Group at King’s College London. The
script enables the use of CodeSurfer to perform slicing of the code using every node of the PDG
(Program Dependence Graph) constructed for any program. The slicing criteria used for each node
was the node itself. The script outputs the sizes of the slices for an entire program into a text file at
defined locations for use in further analysis. The slice sizes are the only data required from the slices
to locate dependence cluster using the approximation technique and the MSG visualization
explained in chapter 2. Details of how slicing was implemented can be found in section 5.7 of this
report.

4.5 Analysis

Once the slice sizes had been obtained for the different versions of the code they needed to be
analyzed to locate the dependence clusters. The analysis of the clusters in this case was done using
Microsoft Excel. As huge amount of data was collected from the various versions of the test subjects,
the process of analysis was also automated using VB Scripts in Excel. The details of the
implementation of the VB Scripts will be given in chapter 5 of this report which deals with
implementation carried out during the project. The explanation of the various forms of analysis
carried out are closely linked to the empirical study undertaken during the project and will thus be
explained in chapter 6 of this report which details the results of the empirical study done during the
project.

4.6 Summary

This chapter detailed a high level methodology that was used for the project and the work that was
undertaken to achieve the project aim. The idea behind the removal of global variables was also
shown with examples along with explanation of slicing and analysis. Using the core ideas from this
chapter the tool to remove global variables was developed along with the automated analysis which
is detailed in the next chapter of this report.

23



Chapter 5

Design and Implementation

5.1 Requirement Analysis

The aim of the project is to develop a semi-automated technique that enables locating the possible
causes of dependence clusters by examining, modifying the code and isolating global variables that
may be causing the dependence. The requirements of the project and the steps associated with the
implementation of each step of are detailed below in figure 5.1.

Source Code

\ 4

Program Slices

A

MSG and Analyze

. Dependence
C
0
m Modified Source
Code
p
a
r
\ 4
e .
Program Slices
Y
> MSG and Analyze

Dependence

The Programs that were a part of the empirical study are all
either written in C or C ++.

The slicing of the code was performed using CodeSurfer which is
a very well-known and widely used code analysis tool. The slicing
is done for every node of the program and the slice sizes are
obtained using CodeSurfer API.

The data obtained from CodeSurfer was fed into Microsoft Excel
for analysis from which dependence clusters and were calculated
and appropriate visualization of the data can also be made.

The modified source code was obtained by applying the tool
developed which is able to remove global variables. The tool is
able to read in source code written in C/C++ and remove
variables as defined by the user and then output the modified
code. The tool needs to be able to remove one or a specified list
of variables from the source code.

Same as previous program slice step

Same as previous analysis step

Figure 5.1 — Implementation Overview
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From figure 5.1 (Implementation Overview) it can be seen that, this project has three distinct areas
that require automation. The three areas that require automation through implementation are as
follows:

= Tool which can the process of removing global variables from source code.
= Slicing of code to obtain slice size data.
= Analysis of the slicing data to locate and compare clusters.

5.2 Tool Specification

The development of the tool which enables the automatic removal of global variables from source
code is the first step of the implementation. The specification of the tool is briefly described below:

= Read in program source code written in C/C++ from a user defined location from within the
machine.

= Allow user to define one or a set of global variables to be removed from the source code.

= The tool needs to able identify all occurrences of the global variable(s) specified by the user
within the source code.

= The tool also needs to identify all direct/indirect referencing to the variable using pointer as they
would also contribute to the formation of dependence clusters.

= The tool then needs to be able to remove all the identified occurrences of the variable and the
pointer references creating a modified version of the code.

®= The tool should then be able to output the modified code to a suitable user defined file and
location for further analysis.

The modified source code created by the tool needs to be compileable so that further analysis of
the modified code can be done. CodeSurfer can only be used to perform slicing if the code is error
free and is compileable. The tool however will not be required to preserve the functionality of the
code.

5.3 Tool Design

Code refactoring is any change to a computer program which improves its readability or simplifies its
structure without changing its results 391, Although the tool developed performs code refactoring it
destroys the functionality of the code and thus instead of referring to it as refactoring it will be
regarded as modification or transformation. The modifications performed by the tool are done at
source code level and thus uses notions from compiler design theory. Compiler design and the
aspects used in a compiler were studied to gain an understanding of the underlying work that
needed to be done and its complexity.

From the study there were two approaches identified which could be used to develop the tool. The
approaches are:

=  Pure Lexical Approach
=  Parse-Based Approach

25



Chapter 5: Design and Implementation

5.3.1 Pure Lexical Approach

Lexical processing can be defined as the processing of input sequence of characters and tokenizing
them according to some fixed criteria (40 Lexical analysis is the first stage used by compilers that
compile actual source code. The use of this approach to build the tool would mean that the tool
would first scan through the code and tokenize it. Upon tokenization it would look for variables and
deal with their occurrences according to fixed manipulation techniques. Although this would be the
fastest and the cheapest way to deal with the problem, this approach has its disadvantages. This
approach would be syntax based and would need specific rules that could deal with each occurrence
of the global variables. A prototype was developed that used the lexical approach. Although it was
found suitable initially as the number of programs considered grew more rules needed to be added
to the set. The tool did not scale well when it came to projects that had several hundred occurrences
of global variables. The disadvantages that were seen is that because this approach uses syntax
based fixed rules, it would be very easy to overlook a few possibilities which could cause fatal errors.
Extension to the tool so that it works on C++ would be near impossible because C++ has a lot of
exceptional cases which are near impossible to deal with using only lexical analysis.

Compilers generally use a two step processing, where in the first step lexical analysis of the code is
carried out and later on parsing is performed to check the actual syntax and semantics of code.

5.3.2 Parser Based Approach

Parsing is very closely related to lexical analysis and is used in conjunction with each other by
compilers. After a compiler performs lexical analysis of source code, it uses a parser to map the
tokens from the lexical analysis to an Abstract Syntax Tree (AST). AST is a representation of the
source code in a tree format where the nodes of the AST contain the tokens that are obtained from
lexical analysis. This tree is then used to validate the syntax and structure of the code U To perform
code manipulation the AST can be restructured as required and then translated back to source code
itself to obtain desired modified version of the code.

The use of the Parser based approach to develop the tool for this project would allow analysis of
both C and C++. It would also ensure that the tool developed can be used for any valid program
written in C/C++ as it would not have constrained by syntax based rules as the lexical process. The
parser based approach is also a well-proven solution as it is widely used in all compilers. The AST to
source code translation step also ensures that the tool always outputs code that is syntactically
correct.

The parser approach consists of 5 steps as detailed below:

1. Obtaining the source code from the program and using a Parser to parse the code into an
AST.

2. Occurrences of variable that require removal are identified.

Occurrences that require modification instead of removal are also identified.

4. a. Occurrences requiring removal of variables are achieved be deleting nodes of the AST and
restructuring of the tree.
b. Occurrences that require lines of code to be modified rather than removal are achieved by
changing the contents of the nodes of the AST.

5. Finally the modified AST will have to be translated back to source code that can be compiled
using a compiler.

w
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The steps involved in the parser based approach are illustrated in Figure 5.22 which has been
adapted from ECLIPSE documentation.

Eiﬂiq

(? Eg[ g ) 8 @l[—]m

. |

Figure 5.2 — Parser Based Approach 1“2

There is an APl in ECLIPSE that allows for refactoring of programs written in JAVA. Users are able to
manipulate the AST generated to perform modification to the source code. C/C++ Development
Tooling (CDT) has been developed as a plug-in which allows ECLIPSE environment to be used as a
development stage for C/C++ programs. However, there is no API currently available to connect to
the abstract Syntax tree of CDT. There is work underway by the CDT development team to simulate
the capabilities ECLIPSE provides for JAVA and allow for transformation of C/C++ code.

5.4 Tool Implementation

There are several commercial and research C/C++ refactoring tools available. During implementation
the first step was to determine whether any of the available tools could be used to perform the task
required by this project.

The most popular C/C++ refactoring tools available are as follows:

SlickEdit: SlickEdit is a commercial editor which is very popular and is widely used in the industry. Its
latest version provides various functionalities along with code refactoring.

Ref++: Ref++ is a visual studio add-in that provides refactoring support for C++.

Xrefactory: A plug-in for emacs which provides code refactoring support such as renaming,
parameter manipulations and extract method.

Although the tools mentioned above have a lot of advanced refactoring options available, none of
them have the option to remove global variable(s). This would not be something that is normally
used during code refactoring as it destroys the functionality of the code rendering it unsuitable for
its original purpose. Some of the tools are able to identify global variables and rename them as part
of the refactoring process but again they are not able to perform removal. Most of the tools also use
proprietary internal structures to represent the source code on which modifications are performed.
None of the tools mentioned above are open source and will not allow for modification of their
internal structure to perform refactoring of code as required by the project.

The next step was to ascertain what parsers could be use to build the tool as writing a new parser
would be highly impractical. There are various C parsers that are available which can parse C
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programs and may be used for creating compilers. The most powerful commercial C/C++ parser
available is EDG Parser designed by EDG (Edison Design Group). Grammatech uses the same parser
as the backend for the tool CodeSurfer. These parsers are however one way parsers in the sense that
they parse to code to form AST but do not provide the means to covert the AST back into source
code. The backward translation would require huge and complex implementation.

The direction of research into tools that could be extended to satisfy the requirements of the project
was thus focused on C/C++ pretty printers. Pretty printers are software that re-factors source code
to make it look nicer and more readable. The simplest of such printers only insert spaces and blank
lines by performing a lexical analysis of the code. Some of the advanced Pretty Printers however
have a parser which parses the source Code. The printer can then inserts nodes in the AST for
comments and blank lines and so on. It then converts the AST back to get a more readable version of
the source code.

One such tool is known as ERLTOOLS Pretty Printer, authored by Eric Lavillonniére. This is a pretty
printer for C/C++ which uses a parser to transform code. As this parser is already a built in feature of
the pretty printer, its internal implementations and grammar will not be dealt with in any further
details.

The source code of ERLTOOLS is also available and is provided freely on a GNU license basis. Figure
5.3 below shows an overall implementation of the ERLTOOLS can be extended to perform the code
transformation needed for this project.

C SGLR Parse Disambiguation Parse
source parser forest tree

Concrete syntax to abstract syntax

AST Transformations AST o| Pretly . | C . _ | Standard
I " printer I = Sourcel " | C compiler

Figure 5.3 — ERLTOOLS Implementation Overview

It can be seen in the diagram that ERLTOOLS parses source code and then represents the code in the
form of an AST. Manipulation of the AST can be done by extending the tool. Once the manipulation
of the AST is completed then ERLTOOLS is able to translate the AST back into source code.

For the purpose of this project ERLTOOLS was extended to include transformation capability which
would allow it to remove global variables from a given source code. Internal files of ERLTOOS had to
be changed as it does not provide an APl for AST manipulation. The extended version of ERLTOOLS
will be regarded as GLOBMOD (Global Modification Tool) which will be the tool that will be used to
remove global variables from source code.

The download instructions and setup for the extension is provided in appendix E. To make the add-
on to work with the tool there are several internal files that needed to be changed and updated.
Most of them deal with the internal structure of the ELTOOLS itself. Details of them are not relevant
to our discussion here as they deal solely with the internal working of ERLTOOLS to accommodate
the expansion. However, they have been submitted with the artefacts for the project and their
installation instructions have also been provided. There are two major files in the tool that are of
interest to our discussion as any future changes to the tool would require their manipulation. These
files are:
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= chopper.ch — This file is used to define the locations, files names and the outputs that will be

made from the tool. This original file was modified to output the following versions of the
code into separate files. In the following discussion FileName is the name of the original
C/C++ file being transformed by the tool. The tool will output:

e The AST of the original Code — The output file is called FileName.ast

e The pretty printed version of the original code — FileName.pretty

e The modified version of the code after variable removal — FileName.modified

o The AST of the Modified Code after Variable Removal — FileName.modfied.ast

e The original lines of code that were modified — FileName_linesource

e The modified lines of code which replaced the original lines — FileName_lineupdate

The source code for this file can be found in appendix B.

It should be noted at this point that the tool reads the list of variables to be removed from a file
called remove.var. This details of the file and its usage instructions can be found in appendix E of
this report.

= modifyast.ch — This is the file that actually performs the modification of the AST. The file
also thus contains all the rules that the transformations are based upon. The language that
has to be used to write this transformation is C like syntax but has its own constructs and is
specific to the tool.

The source code for this file can also be found in appendix B.
The installation and usage instruction for the tool has been provided in appendix E of this report.
5.4.1 Transformation Algorithm
The major steps of the algorithm used by GLOBMOD are given below:

Read Source code from specified C/C++ file.

Create AST from the Source File.

Print AST of the original source file to FileName.ast

Translate AST into source code and print to FileName.pretty

Read list of variable(s) to be removed from remove.var

Traverse through nodes of AST until occurrence of variable located or until end of file.

If occurrence of variable is located

7.1 Translate node with occurrence to source code and print to FileName_linesource.

7.2 Modify nodes of the AST according to rules defined for transformation.

7.3 Translate modified nodes to source code and print to FileName_lineupdate.

7.4 Repeat step 6-7

8. If end of file read next variable to be removed from the list and repeat steps 6-7 until end of
list containing variable to be removed.

9. Print AST to FileName.modfied.ast

10. Transform the AST back to source code that may be compiled and output to
FileName.modified

Nou,swNpe

The transformation rules are described separately from the algorithm because of their nature
and the requirement to explain them in details. They can be found in section 5.5 on the next

page.
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5.5 The transformation rules

5.5.1 Overview

The Code transformation rules were used as a part of the algorithm which was implemented through
the tool to perform automatic variable removal. In Section 4.3, page 22 of the report a simple
example was given and high level discussion was done as to what modifications were needed for
each of the occurrences of the global variable in that code.

This section describes the transformation rules using formal C grammar.
The occurrences of global variables in a code can be classified into three broad categories. They are:

1. Declarations — Occurrences where the variable is being declared. This category can be
broken down into further three sub-categories:
i Simple Declarations — Where only the global variable is declared in a single
statement but no initial value is assigned
Example: int var;
ii. Complex Declaration — Where the global variable is declared in a single statement
and a value is also assigned to the global variable during its declaration.
Example: int var =10;
iii. Compound Declaration — Where the variable is being declared as part of a multiple
declaration in a single statement.
Example: int var, varl, var2;
2. Usage — Where the value of the variable is used. This category can be further broken down
into two more sub-categories:
i Value Use — These are uses where the value of the global variable is used.
ii.  Address Use — These are instances where the address of the global variable is used.
3. Assignment — These are occurrences where a value is assigned to the global variable.

5.5.2 Rules for transforming Declarations

All declaration D(x) where, D() is declaration x is the global variable being removed. If it is a
simple declaration or complex declaration the entire line is removed.
Example: intx; The entire line is removed.

int x =10; The entire line is removed.

For Compound Declarations on the intended global variable is removed leaving rest of the
declarations intact.
Example: intx, varl, var2; This line is changed to intvarl, var2;

Declarations D() that were dealt with using the tool during implementation can be formally

defined by using extract of the C Grammar in shown on page 31 taken from ANSI C Yacc
Grammar.
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5.5.3 Rules for transforming Uses

Usage of the global variable is defined by U(x) where it U() is an expression such that the global
variable x is not followed by an assignment operator except “--“ or “++”.

Although x++; or x--; can be regarded as an assignment to x, in both cases it will be replaced with a
constant value and so is included under the “uses” transformation rules.

Every value use of an identifier of the type char will be replaced by literal expression ‘a’.
Every value use of and identified or the types short, int, long, float and double will be replaced by 1
except where the use is as a value for an array index. For array index it will be replaced by 0 to avoid

out of bounds error.

Output Streams of data such as cout << identifier is also regarded as a use and in such cases
replacements will be done using the rules specified above.

Examples:
Initial: Identifier = ldentifier + Expression y =var +10;
Modified: Identifier = Int_litteral(1) + Expression. Y=1+10;

Instances where the address of the global variable is used the NULL replacement value will be used.
This would crash the program when it is executed but will allow it to be compiled which is sufficient
for the purpose of this project.
Example:
Int * ptr=&x Where x is a global variable
Such cases of address uses were replaced by NULL thus the modified version of the line
would be:
Int *ptr = NULL;

The extract of C Grammar shown on page 33 formally defines the expressions that were dealt with
under the usage category U() as primary_expression.
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Chapter 5: Design and Implementation

5.5.4 Rules for Transforming Assignments

An assignment expression is defined as A(x) where A() is an assignment and x is a global variable
whose value is being updated.

In such case if A(x) take the following formats:
= x Assignement_Operator ldentifier
= x Assignement_Operator Expression

Both cases of Assignment A(x) as shown above will be replaced by the identifier or the expression on
the right hand side of the Assignment_Operator.

Example:
X =y; will be replaced by A
X=10; will be replaced by 10;
X=10+y; will be replaced by 10+y;

Input Streams of data are also regarded as assignments thus cin >> a; was dealt with using the same
analogy for x =y; which also has an assignment to x.

The assignment expressions that were considered as A(x) is formally defined using the extract of C
grammar shown on page 35.

The previous sections of this chapter described the design and implementation of GLOBMOD which
can automate the process of removing global variables for programs. Thus, the discussion detailing
the implementation of the tool answers research question 3.1 “How can the process of removing
global variables from source code be automated?”
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Chapter 5: Design and Implementation

5.6 Testing and Verification

Testing of GLOBMOD was not done using traditional methods as the tool had parts which were
adapted from ERLTOOLS. These adapted parts have already been extensively tested during their
development and deployment as ELRTOOLS.

There were four aspects of the tool that needed to be tested and verified. These are:

= Passing source code through the pretty printing process of the tool does not affect the
dependence structure of the code.

= The tool only removes the occurrences of specified global variables.

= The code output after transformation remains in a state that it can be compiled.

= The transformations for each occurrence, whether removal or replacement is done
according the rules that have been defined earlier.

5.6.1 Verifying Pretty Printing Issue

The first and the easiest check was to ensure that
passing source code through the pretty printing Largest Cluster(A) Percentage Area of Original
process does not effect on the dependence structure o
of the code. If passing the code through pretty 100
printer changed the dependence structure of the &0
code then it would not be possible to get accurate 20 i
calculation of the changes of dependence structures

after removing variables. To ensure that none of the

test subjects of the study were affected by pretty
printing they were passed through GLOBMOD
without defining any variables to be removed from
the code. During each measurement the values for the pretty printed version of the code was
compared to the original version. Any changes would indicate contamination of the results because
of pretty printing. For the entire set of 15 programs studied the values obtained from analyzing the
original code and the pretty printed version were always the same. This proves the fact that passing
any code through the pretty printing process of GLOBMOD does not alter its dependence structure.
A sample of this can be seen in Figure 5.4 which shows the area of largest cluster present within
code. It can be seen that Original and Pretty on the x axis which represents the data obtained from
the original code and the pretty printed version respectively had the exact same value.

Percentage of Original Area
Original
Pretty
All
CVE
LocVarsi...
LocVarT...
PName
ReadFile...
WriteFil...
buffw
FRS, buffr m

FRS, buff...

LocVarList

Removed Globals

Figure 5.4 — Pretty Printing Test

5.6.2 Verifying removal of specified global

The second verification was used to ensure that only specified global variable were removed by
GLOBMOD. After each individual removal of variables, CodeSurfer was used to verify that only the
intended global variable was removed. For example the 5.5(i) shows CodeSurfer displaying the list
of global variables present in the original program. It can be seen that the original code contains “a”,
“b”, “ptr”, “test”, “x” and “y” declared as global variables. The code was then passed through
GLOBMOD to remove the global variable “x”. After the removal process the modified code was again
checked using CodeSurfer. Figure 5.5(ii) shows that there is no global variable “x” left after the tool

was used to remove it. Not, only does this show that “x” was removed, it can also be seen that all
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the other global variables which were present in the original code are still there in the modified
version of the code.

a
5, csProject ; E m
Project  Edit Queries Go  Tools  Window Help

Bes [ OX1TE5E0T [FS

Basic jj%f,fglmj“; B
Cerltoolsiglobmod&PPV . cpp =
B Global variahles

a

b

ptr

test

x

¥
All include files

« ]
File view |
’Eild current, Quen:Mone

Figure 5.5(i)

Project  Edit Queries Go  Tools  Window Help
Fes  OX2To26T &5
Basic RIS
Cheritools\globmody PPV .cpp Modifi |
B Glohal variahles

a

b
ptr
test

¥
Al include files

| [
File V\ewl

| Build current; Query:Naone

Figure 5.5(ii)

Figure 5.5 - Coder Surfer Verification

This verification technique proves that GLOBMOD removes specified global variables and only
specified global variables. The verification process was carried out after each removal so that the
integrity of the output could be verified. There were no unexpected removals throughout all the
tests that were performed.

5.6.3 Verifying output code can be compiled

The next verification that needs to be carried out is to check that the modified versions of code
output by GLOBMOD can be compiled. The fact that CodeSurfer could be used to check modified
version indicates that the modified version can still successfully pass compilation process.

Original Code Modified version with
global “x” removed

int a,b,y,x; inta,b,y;
int *ptr = &x; int *ptr = NULL ;
int test[5]={0,1,2,3,4}; inttest[5]1={0,1,2,3,4
int main() I
{ int main ()

int c=0; {

x =10; intc=0;

y =20; 10;

a=5; y=20;

c=2; a=5;

eotl1] = x e

cout << test[1]; test[1]1=0;

x = test[5]; cout << test [1];

X = y++; test [5];

y=x; y+t;

y=a+b +x+c; y=0;

x=b+a; y=a+b+0+c;

*ptr = 20; b+a;

cin>>x; *ptr=20;

cout <<x; ;

return 0; cout << “x”;
} return 0 ;

}
Figure 5.6(i) Figure 5.6(ii)

Figure 5.6 - Code Compilation Test
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5.6.4 Verifying Transformation Conformation

The next check was put into place to verify that actual transformations conform to the rules defined
earlier. Figure 5.6(i) shows the original version of code and figure 5.6(ii) shows the modified version
of the code after GLOBMOD was used to remove global variable “x”. This is the same code on which
CodeSurfer was used to obtain figure 5.5(i) and 5.5(ii) to show that only the global variable “x” was
removed from the modified version. If checked, it would be revealed that transformations at each

line conformed to the specifications.

The programs that were studied during the project were large and checking each transformation
manually was very time consuming. GLOBMOD was thus updated to output the lines of code that it
modifies into separate files. The files were FileName_linesource and FileName_lineupdate.
FileName_linesource contains all the lines from the original code that GLOBMOD identified as
containing the occurrences of variable “x” where as FileName_lineupdate contained the modified
version of the identified lines. Figure 5.7(i) shows the lines of code identified to contain variable “x”
and Figure 5.7(ii) shows the modified version of the same lines. This proves that the transformations
done by GLOBMOD whether removal or replacement was done according to the rules defined.

int a,b,y,x; inta,b,y;

int *ptr = &x; int *ptr = NULL ;

x =10; 10;

test[1] =x; test[1]=0;

x = test[5]; test [5];

X =y++; y++;

y=x y=0;

y=a+b +x+c; y=a+b+0+c;

x=b+a; b+a;

cin >> x; ;

cout <<x; cout << “x”;
Figure 5.7(i)- FileName_linesource Figure 5.7(ii)- FileName_lineupdate

Figure 5.7 — Test Output Confirmation

5.7 Slicing and Obtaining Slice-Size Data

Once GLOBMOD used to obtain various versions of a source code the next step was to perform
slicing of the original and the modified version of the source codes. The slicing process was required
to collect slice size in order to perform dependence cluster calculations. As mentioned earlier slicing
was done using CodeSurfer. CodeSurfer has API which allows functional programming to be used as
an extension of the capabilities of the tool and also to allow user to perform user-defined operation
and obtain user-defined results. The script to obtain the slice size data from CodeSurfer was written
in functional programming language Scheme. The script was used with the kind permission of Zheng
Li from the software engineering group at King’s College London 2!,

The algorithm for the script is as follows:

Get a list of all the program points present in the PDG for a program
Perform slicing using nodes from the list as the slicing criterion.
Calculate the number of program points in the slice.

Output the size of the slice into a specified file.

Repeat step 2-4 until end of list.

vk wNE
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The number of slices will correspond to the number of program nodes in the program. The size of
the each slice will show the number of program points that were included in that slice.

There was no testing required for this part as extensive testing of the script was carried out by the
author during their previous study of dependence clusters. The code for the script can be found in
appendix C of this report. The installation instructions for the script along with how it may be used
can be found in appendix F of this report.

5.8 Automating the Analysis Process

Once the slice size data was collected the actual analysis of dependence clusters could start. These
slice size data were analyzed to find characteristics of clusters that could be used to compare
clustering in different version of a program. This allows for detection of possible causes of
dependence clusters. There were 320 global variables in the 15 programs studied. There were also
the original codes that had to be analyzed and several others where combination of variables was
remove. Slice size data from about 350 different versions of source codes was analyzed during the
study.

During the analysis there were several characteristics of each version of code that had to be
calculated and measured. The details of the measurements and the technique used in the analysis
process are detailed in chapter 6. The analysis of such immense amount of data would take an
extensive amount of time without the help of automation.

Excel Scripts using VB was written to automate the analysis process. The scripts were used to
automate the entire analysis process which includes performing the following:

= Creates MSG for each set of data.
= Copies and combines data from all the relevant sheets into one sheet called “Data”.
= Calculates the following for each set of data:
e Total Number of Slices
e Total Clusters
e Total Area (Total number of program points in all the slices) for four different
categories of clusters that were identified.
e Dependence Cluster Areas, run length their relative values and copies them to
separate sheets according to categorization of clusters.
e Analysis of the data is presented in the form of graphs for all the sets of data that
have been provided.
e Also copies relevant data from the sheets into a separate sheet which can aid an
overall analysis of all the global variables studied over all the programs.

The analysis techniques will be explained in details in the next chapter which deals with the
empirical study carried out during the project. The code for the macros used to automate the
process can be found in appendix D of this report. The instructions on how to setup the Excel file for
the automated analysis can be found in appendix G of this report. A template of the Excel sheet used
for automated analysis has also been submitted as a part of the artefacts for the project.
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Empirical Study

6.1 Test Subjects

A set of 15 test subjects were used for the empirical study done during this project. They were all
programs obtained from code repositories available on the internet. The set consist of programs
written in both C and C++. They were collected from the following websites:

e http://www.planet-source-code.com
e http://www.codeproject.com

The summary and brief description of the programs analyzed is given below in Table 6.1.

Table 6.1 — Test Subject Details

LOC Brief Description

Icecream 229 Program that runs POS terminal for an ice-cream parlour

Conversion 231 A tool for conversion of measurements between “english” and
“metric” system of measurement.

College 275 Course registration systems for a college (prototype).

Apartment 597 Apartment/Hotel booking system.

Banking 603 Driver attachment for an ATM simulation software

Sudoko 706 Calculates Solution to a Sudoku problem.

Protest 756 String matching and manipulation for encrypted input to a server
application.

Server 788 Server application to provide HTTP request and response services

Address Book 891 Program to store contact details in the form of an electronic address
book

Sudokol 917 Calculates solutions for a Sudoku Problem.

Nascar 1094 Software for simulation of a NasCar race.

Fass 1133 A two pass assembler program for 8086 microprocessors

C2PC 1239 Source code transformation software to transform Pascal programs
into C.

Lottery 1382 Program to generate random number for lottery and perform other
calculations.

Interpreter 1561 Aline interpreter written for C language

All the original codes for the 15 test subjects were obtained directly from internet sources and were
not updated or modified in any way to change their structure. The set of subject programs were
chosen from a variety of application areas such as POS terminal software, booking systems,
simulations, games, interpreters and code transformation tools. This was done to ensure that the
results presented through their study are not influenced by common structures/logic present in
programs from a particular application area. Large open source programs or industrial strength
commercial software could not be included in the study due to limitations of the parser used to
implement GLOBMOD. The parser for the tool is currently unable to deal with macros which are
found in abundance in large scale C programs.
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6.2 Categorization according to level of dependence

The empirical study focuses on performing dependence analysis and thus, the first task is to review
the test subjects to ascertain the level of dependence present in them. To analyze the level of
dependence, a criterion that may be used to define the level of dependence has to be established.
At this point, it is seen fit to measure the initial dependence of the programs using a simple and easy
to understand criterion.

To ascertain the level of dependence present in a program, the percentage of the program covered
by the largest cluster will be considered. The largest cluster at this point can be defined as the
cluster with the largest area in a MSG representation of a program. MSG was defined as a technique
to visualize and locate dependence clusters in a program and has been previously detailed in section
2.8 of this report. Please note that the definition of largest cluster given above only relates to this
section of the report. It will later be modified in the subsequent sections.

Table 6.2 on the left gives the list of test
subjects, sorted according to the area of the
dependence graph covered by the largest

Table 6.2 — Dependence Category Data

Program Percentage of MSG Area
Covered by Largest Cluster

Icecream 5.330871 | Cluster

Conversion 12.16702" from the results it was observed that the
College 14.06146 | 5rograms can be divided in to three distinct
Apartment 16.9956 | (ategories based on how much of its MSG was
Banking 17.16923 | oyered by the largest cluster.

Sudoko 18.57545

Protest 20.56825 | The three dependency categories are defined
Server 24.08772 | as:

Address Book 41.84077

Sudokol 49.87467 * High dependency

Nascar 55.86845 = Medium dependency

Fass 75.62918 * Low dependency

C2PC 87.30125 | Programs that fall in the High dependency
Lottery 87.49774 | category are programs whose largest cluster
Interpreter 92.25337 | covers more than 60% area of the MSG

representing the program.

Medium dependency category consists of programs whose largest cluster covers between 30% and
60% of the entire MSG area. Whereas, programs in which the largest cluster covers less than 30% of
the MSG area, belong to the Low dependency category.

o Largest Cluster Coverage Depepndence Category Distribution of Test Subjects
10
g High
5 60 g ®
s Medium Eo 6
© ; E
z5 30 5 4
93 low ]
i
£ 0 - 2
§ S & ¢ B &S S S O ’ I I
\<>¢Q & (p\\ 45“ 'b"\&éq’ Q@‘ \0@5{. & §‘~Q' ,@&@ < &boq\'b‘) Low Medium High
ks < $
Programs Dependence Category
Figure 6.1 — Largest Cluster Coverage Figure 6.2 — Dependence Category Distribution

Figure 6.1 illustrates the dependency category that each of the test subjects can be categorized
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under. Figure 6.2 illustrates the distribution of the test subjects among the three dependency
categories. From figure 6.2 it can be seen that 4 out of the 15 programs have high level of
dependency.

The framework detailed above for categorizing programs according to the level of dependence thus
answers research question 3.2 “How can programs be categorized based on the level of
dependence present within them?”

According to the data given in Table 6.2 it can be seen that all 4 programs that belong to the High
dependency category contain a cluster that covers at least 75% of the program. It can thus be said
that changes made to any point of the largest cluster of these program can potentially affect 75% of
the entire program. Following previous discussion it can also be concluded that the programs that
belong to the high dependency category will be the hardest to understand, maintain and test; as
changing any single point within the largest cluster will have the potential to affect a very large
portion of the program.

The fact that almost half of the test subjects fall either under High dependency category or Medium
Dependency category emphasizes the importance of research in this area and also answers the
research question 3.3 “Does a significant portion of programs studied contain large dependence
clusters to justify research in this area?”

MSGs for each of the 15 test subject can be found in Appendix-A page A-1.

6.3 Cluster Detection and Classification

This section of the report will discuss the characteristics of dependence clusters and how they can be
measured in details. For ease of explanation a sample MSG will be used which is illustrated below in
figure 6.3. The MSG shows the presence of four dependence clusters in the program represented by
the MSG. They have been marked as A, B, C, D and E.

Cluster A has 200 Slices in it with each slice

30 - MSG b containing 1 program point (represented as
25 | I height) giving a total area of 200 program points.
20 -

e 15 . Cluster B has 150 slices, with each slice

'E 10 containing 10 program points. This gives cluster

£ . A B a total area of 1500 program points.

S 5 -

o

e 0 Cluster C contains 100 slices with each slice

1 101 201 301 401 501 having a size of 20 program points making the
Number of Slices area of the cluster 2000 program points.

Figure 6.3 — MSG Showing Cluster Calculation
Cluster D is made up of 75 slices with each slice

containing 25 program points giving it a total area of 1875 program points.

The total number of slices in the MSG is 525 and the total area under the graph is 5575 program
points. The number of slices in the MSG corresponds to the number of program points in the
program represented.
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From the MSG it can be seen that, each cluster can be measured in terms of its length (number of
slices) and height (number of program points in each slice). During previous studies dependence
clusters were measured only using the number of slices that they contained. This is because the
number of slices in a MSG corresponds to the number of nodes in the program represented by the
MSG. Thus, the more slices a cluster contains the more number of nodes of the program it contains.

The height (number of program points in each slice) is however an important characteristics as it
represents the size of the slices that form the cluster. The size of a slice represents the number of
nodes of a program that are included in the slice. When using slicing for testing or debugging, the
smaller the size of a slice, the easier it is to comprehend and use. Hence, for purpose of this study
the slice sizes were considered to be important and were also taken into account. However, instead
of measuring the slice sizes individually, the slice sizes were used to measure the entire area covered
by a cluster. This area measurement was used previously in section 6.2 to categorize programs
according to their dependency level.

6.3.1 Measurement characteristic problem

So, far we have identified two useful characteristics of clusters that can be measured namely length
and area. When there is a need to measure the level of dependence in a cluster the natural instinct
is to look at the largest cluster in the program. However, now that we have identified two different
characteristics, the largest cluster can be measured either based on length or area. Referring to the
MSG shown in figure 6.3; if the largest cluster is defined as the cluster with the largest area then
Cluster C meets the definition as it has the maximum area out of all the clusters in the program. If
definition of largest cluster is changed to the cluster which contains the maximum number of slices
then Cluster C is no longer the largest cluster. Instead, Cluster A satisfies the definition as it contains
the maximum number of slices. Thus, we see that using different measurement criteria for largest
cluster may yield completely different clusters.

This led to the use of both length and area for measuring clusters. The cluster with the largest area
from now on will be referred to as Largest Cluster(Area) and the cluster that contains the maximum
number of slices will be regarded as Largest Cluster(Length). The importance of measuring largest
clusters separately using both characteristics is emphasized further by the fact that only 59% of the
Largest Cluster(Area) turned out to be the same as Largest Cluster(Length) in the 350 different
version of code analyzed during the empirical study. This also answers the research question 3.4 “Do
different measurement criteria for cluster detection yield significant number of different clusters
to justify having different classifications according to how they are measured?”

6.3.2 Multiple Clustering problem

The idea behind analysing clusters and specifying rules to measure them is so that the process can
be consistent and can be automated. As discussed in the project methodology, there is a need to
compare the dependence structure of different versions of code to identify global variables that may
be causing dependence clusters. This brings our discussion to the next problem which will be
referred to here as the multiple clustering problem. Referring back to figure 6.3 it can be seen that
there are 4 clusters present in the program. Removing a global variable from the program
represented in the MSG could reduce only cluster B or cluster D leaving the other clusters intact. The
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previous two classifications to measure the largest clusters will only however yield cluster A and
cluster C which may remain unaffected in the case of this example. This also means that if only the
largest clusters of the two versions of code were compared with each other, there is a possibility
that changes in dependence structure will be overlooked, leading to the failure of not being able to
identify global variables which are responsible for the change in the dependence.

This problem is even more significant because the monitoring process of the changes in clustering
had to be automated. Automating the process requires strict definitions of clusters that should be
monitored. The need to monitor multiple clusters was solved by an additional criteria referred to as
Qualifying Clusters. Qualifying clusters could again be measured using the two characteristics of
cluster measurements already identified, namely length and area.

This led to the need for defining clusters that would actually be a part of the Qualifying Clusters set.
The MSG shown in figure 6.3 has been over simplified for ease of illustration. MSGs for real
programs can contain thousands of small clusters. Every program will have some level of
dependence in it, which is inherent and cannot be removed. For the purpose of dependence analysis
we would only want to deal with clusters that cover a significant portion of the entire program. Thus,
small clusters that occur in a program must be avoided for the accuracy of the analysis and
identification of global variables that cause clustering affect. To address this issue a 10% threshold
was used during the detection of qualifying clusters using either characteristic (area or length). So,
for example any cluster of a program that contains 10% of the slices of the program will be included
in the set of Qualifying Clusters(Length) and any cluster of a program that covers 10% of the area of
the program will be included in the set of Qualifying Clusters(Area).

6.3.3 False Clustering Problem

Before the classifications of clusters can be defined, there is another issue that needs to be
considered. The question relates to what can be regarded as a real cluster. Using the 10% threshold
to measure both Qualifying Clusters(Length) and Qualifying Clusters(Area) filters out the small
clusters that are not worth measuring or are not real problems. However, there is still a type of
cluster that can pass the 10% threshold although it is not a real cluster.

To understand this, Cluster A in figure 6.3 needs to be examined. The cluster has a run length of 200
slices but each slice consists of one program point only. The total number of slices in the MSG which
depicts the nodes of the program is 525. Cluster A containing roughly 40% of the total number of
slices would easily satisfy the 10% threshold used for Qualifying Clusters(Length); however, Cluster A
is not a real cluster. During slicing, each node of the program was used as the slicing criterion thus;
the minimum number of nodes a slice could return is 1. Having multiple slices of size 1 does not
mean that the slices are inter-related or form a dependence cluster. In such cases the slices just
coincidentally happen to be of the same size. At this point it should be recalled that an
approximation technique is used to locate clusters in this project. The approximation technique
developed by Harman and Binkley ¥ holds for clusters which are made up of slices containing large
number of program points. The smaller the size of the slice becomes, the less likely it is that the
combination of the slices depict a real cluster.

The existence of clusters containing large number of slices but with each slice having a very small
number of program points is a common phenomenon in most programs. This also goes to say that as
cluster A is not a real cluster there would be no point in monitoring it, as it cannot be broken down
or reduced by removing global variables or refactoring of code. The minimum number of program
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points that a slice has to contain for it to be a part of a real cluster has to be a fixed number; as a
slice of some fixed size is always a valid slice, regardless of the size of the program it comes from.
The number that was used as a threshold is 10. It was thus decided that a cluster which has slices
containing 10 or more program points in each slice will be regarded as a real cluster. This validity
check was added to the definition of Qualifying Clusters(Area) and Qualifying Clusters(Length) to
increase their accuracy. Having the new check added to the previous definition of qualifying clusters
ensures the following:

= Validity of Cluster: Only cluster whose slices contain at least 10 program points are regarded
as real clusters. This ensures slices that coincidentally happen to be of the same size but are
not related are not regarded as a dependence cluster.

= Large enough to make a difference: All programs will contain dependence clusters. By
setting a 10% threshold for both length and area we ensure that the clusters that are being
looked into or analyzed are large enough to have a significant impact.

= Multiple Clusters: A program may contain multiple clusters that may be worth monitoring.
Qualifying clusters take into account all those clusters that meet the above criteria.

The point could be argued that the definition of Largest Cluster(Area) and Largest Cluster(Length)
should also include the validity check. However, in some programs, variable removal causes
significant cluster reduction and the slices of the cluster no longer contain 10 program points.
Although we know that this would mean that the clustering has been removed, there has to be a
way to identify such changes in cluster and measure them to clearly understand the effects of
removing global variables. This is why the definitions for measuring largest clusters will not include
the validity check which will always allow detection of some largest cluster even if a program does
not have any clusters that satisfy the qualifying cluster criteria.

The study to answer research question presented in section 3.4 was also extended to check the
proportion of Qualifying Clusters(Area) and Qualifying Clusters(Length) that turn out to be the same.
The study revealed that only 55% of the clusters compared in the several hundred versions of the
programs were the same.

6.3.4 Cluster Classifications

Taking all the above issues into consideration, four classifications of clusters based on how they are
measured have been identified. These are:

Largest Cluster(Area):

Largest Cluster(Area) for a program P, represented by its dependence graph DG(P) is defined as:
The cluster in DG(P) with the largest area.

Largest Cluster(Area):

Largest Cluster(Area) for a program P, represented by its dependence graph DG(P) is defined as:
The cluster in DG(P), that contains the highest number of slices.

Qualifying Clusters(Area):

Qualifying Clusters(Area) for a program P, represented by its dependence graph DG(P) is defined as:
A set of clusters, where each cluster satisfies the following:

- covers at least 10% of the total area of DG(P)

- contains slice(s), where each slice has a minimum size of 10 program points.
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Qualifying Clusters(Length):

Qualifying Clusters(Length) for a program P, represented by its dependence graph DG(P) is defined
as:
A set of clusters, where each cluster satisfies the following:

- contains at least 10% of the total number of slices in DG(P)

- contains slice(s), where each slice has a minimum size of 10 program points.

During the rest of the report and the diagrams the following abbreviations will be used where
appropriate.

= Largest Cluster(Area) — Largest Cluster(A)

= Largest Cluster(Length) — Largest Cluster(L)

= Qualifying Clusters(Area) — Qualifying Clusters(A)
= Qualifying Clusters(Length) — Qualifying Cluster(L)

The classifications above answers the research question 3.5 “How can dependence clusters be
classified based on the criteria used for their detection and measurement?”

6.4 Analysis Techniques for Comparing Cluster Characteristics

There were various characteristics of the 4 classifications of clusters that proved to be of interest
and were worth analyzing during the project. The different views and techniques that were used to
analyze the characteristics of the clusters will be detailed in this section of the report. As these
explanations are aided by diagrams especially graphs which have general traits in common, it is
worth providing a brief explanation on how to interpret the graphs, prior to going into the details of
the analysis techniques itself.

The graphs that will be used in the following sections will be bar graphs and follow the format as the
one shown in figure 6.4. The title of the graph will show the relationship that is represented in the
graph. The y-axis title will show the value represented
by the y axis on the graphs.

Title

2 The x-axis follows a particular format unless stated
otherwise. The first value on the x-axis is marked as
“original”. This shows values obtained by performing
the particular analysis represented by the graph on
the original version of a program. The second value
Removed Globals on x-axis is “Pretty”. This shows the values obtained

Figure 6.4 — Graph Explanation by performing the same analysis on the pretty
printed version of the code. Because the tool used for

variable removal is a pretty printer it changes the layout of the code. The value for pretty and
original should always be the same and confirms the fact that passing the code through the pretty
printing process does not have any effect on the dependence structure. This was detailed in the
section that dealt with testing of the tool, which is section 5.5 of this report. The third item marked
on the x-axis is “All”. The values obtained in this column are values obtained by performing the same

FRS
FType
GlobVarList

GlobVarSize
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CVE
GlobVarType

buffw
FRS, buffr =

PName
ERS, buffr, buffw

ReadFileName
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analysis on a modified version of the code which had all the global variables removed. The rest of
the values on x-axis shows values obtained from performing the same analysis on modified version
of the code. The modified code in each case will be obtained by removing the global mentioned on
the x-axis. In other words it shows values obtained by performing analysis on a version of the
program which has the named global removed. In some graphs such as the one in Figure 6.4 results
obtained from a combination of global variables being removed in conjunction will also be present.
The last value shown on the x-axis is obtained performing analysis on a version of the code which
had “FRS”, “buffr” and “buffw” removed.

For each of the four classifications of clusters there were seven different techniques that were used
to compare the original program to the modified versions after removing variables. The views are
described in the following sub-sections.

6.4.1 Percentage Area Comparison

The first technique involves the comparison of the area for the all the four types of clusters. The
graph shown in figure 6.5 may be used to represent how the area (calculated as a percentage of
original) of either classification varies with different version of code.

For instance let us assume that in this case the graph shows the area of the Largest Cluster(A). The x
axis shows the different versions of the code. “Original” represents the values obtained from the
Percentage Area Comparison analysis of the original source code.

100

o ®
S o

The area of the Largest Cluster(A) in the original code
is taken as 100%. The area of the same cluster
—{ classification from the rest of the modified versions
of code is plotted against the original. The values are
shown as a percentage of the area of the Largest
Cluster(A) in the original code.
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Percentage of Original Are:

Removed Globals

In this case it can be seen that, removing all variables

Figure 6.5 — Percentage Area Comparison reduces the area of the Largest Cluster(A) to almost

zero percent compared to that of the Largest

Cluster(A) of the original program. Removal of the global variables “FRS”, “buffr” and “buffw” from

the program also cause major reduction in the area of the Largest Cluster(A). Although in this case,

the fact that these three global variables will be the major cause of dependence clusters within the
program is evident, it needs to be verified via a separate analysis which will be explained shortly.

This technique uses the following formula to calculate the values represented in the y-axis of the
graph:

Area of Cluster* in modified version
X100 %

Area of Cluster* in original code

* Any of the 4 cluster classifications

The results of this analysis technique used for all the different classifications of clusters on the entire
set of test subjects can be found in Appendix-A of this report:
e largest Cluster(A) - Page A-2.
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Largest Cluster(L) - Page A-15.
Qualifying Clusters(A) — Page A-8.
Qualifying Clusters(L) - Page A-21.

6.4.2 Percentage Length Comparison

This analysis is similar to the one present in section 6.4.1. The difference being instead of area this
technique deals with the length of clusters. The graph shown in figure 6.6 shows how the Percentage
length for any of the 4 classification of clusters varies with each modified version of code. For
instance, let us assume that the graph show the lengths of the Largest Cluster(A). The length is the
number slices that are included in the cluster.

The length of the Largest Cluster(A) in the original code is taken as 100%. The length of the same

cluster

classification from the rest of the modified versions of code is plotted against the original.

The values are shown as a percentage of the length of the Largest Cluster(A) in the original code.
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Percentage Length Comparison The x-axis shows the results of removing the globals
named on the axis from the code. Figure 6.5 and
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global variables are found to be responsible for the
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decrease in the length. The percentage of decrease
however is not the same because removing variable
reduces the number of slices as well as the number of
program points contained in each slices of the cluster.
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Figure 6.6 — Percentage Length Comparison

However, these techniques should vyield similar
results in most cases.

This technique uses the following formula to calculate the values represented in the y-axis of the

graph:

Length of Cluster* in modified version

X100 %
Length of Cluster* in original code

* Any of the 4 cluster classifications

The results of this analysis technique used for all the different classifications of clusters on the entire
set of test subjects can be found in Appendix-A of this report:

Largest Cluster(A) - Page A-3.
Largest Cluster(L) - Page A-16.
Qualifying Clusters(A) — Page A-9.
Quialifying Clusters(L) - Page A-22.
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6.4.3 Relative Percentage Area Comparison

The third type of analysis that is used is a relative comparison and has been found to very important
and instrumental in the technique for locating and identification of globals that cause dependence
clusters. This is a relative analysis where the area of the any of the 4 cluster classification is
measured as a percentage of the area of the code in which it exists. For instance let us assume that
the graph shown in figure 6.7 gives the relative percentage Area of the Largest Cluster(A). In this
graph it can be seen that the Largest Cluster(A) in the

Relative Percentage Area Comparison

100 original program was 85% of the original program
o itself. In other words the Largest Cluster(A) in the
i‘z‘g I original code covers 85% of the program area.

0 A s B e e e BN s St B

Pretty

All

CVE

buffr
buffw
FRS, buffr

ERS, buffr, buffw _»

We see that after removing all the variables from the
program which is represented by “All” on the x-axis,
the Largest Cluster(A) present in the modified code is
only 5% of the modified code.

FType
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GlobVarSize
GlobVarType
PName
ReadFileName
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LocVarList
LocVarSize
LocVarType

Removed Globals

Figure 6.7 — Relative Percentage Area Comparison

This is particularly important because removing global variables from code will always lead to
reduction of the code. This is due to the fact that, removal of any global variable will reduce the
number program points in the code. However, since in this case it can be seen that the Largest
Cluster(A) of the original program was covering 85% of the program. But, after removing all globals
from the code, the Largest Cluster(A) of the modified code only covered 5% of the area. It can be
concluded that removing all the globals in this particular case reduced the area of the largest
cluster(A) significantly more compared to the entire program. That is it can be said that the some of
the globals in this program were responsible for the formation of the cluster if not all of them.

This analysis is instrumental in the identification of globals that are responsible for dependence. If a
drop in the relative area is noticed due to removal of some global then it can be easily concluded
that the global that was removed targets the cluster and not the overall program as it removes more
of the cluster than the program. It will be seen later the relative comparison is extremely important
in identifying variables that are the major causes of large dependence clusters. This is discussed in
further detail in the section of this chapter which deals with categorization of programs according to
the likelihood of them containing global variables responsible for causing the dependence clusters.

This technique uses the following formula to calculate the values represented in the y-axis of the
graph:

Area of Cluster*
X100 %

Area of entire code containing Cluster*

* Any of the 4 cluster classifications

The results of this analysis technique used for all the different classifications of clusters on the entire
set of test subjects can be found in Appendix-A of this report:

e largest Cluster(A) - Page A-4.

e largest Cluster(L) - Page A-17.

e Qualifying Clusters(A) — Page A-10.

e Qualifying Clusters(L) - Page A-23.
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6.4.4 Relative Percentage Length Comparison

The fourth analysis that is used is the relative length comparison. This is very similar to the previous
analysis and is also instrumental in the technique of locating and identifying globals that cause
dependence clusters. This deals with the relative changes in the length of the clusters rather than
the area as shown in 6.4.3. In this instance let us
assume that the graph shows the relative length for

Relative Percentage Length Comparison

100 the Largest Cluster(A). This relative value is also
o calculated in a similar way to that of the previous
j;‘S | analysis  technique involving relative area
0 T '»L'm':'q, """" L [ t calculations. The relative length of the cluster is
:é?zsguf’ E@’%?E 5 E%E measured as a percentage of the total number of

S = = g

GlobVarList
GlobVarSize
GlobVarType
LocVarList
LocVarSize
LocVarType

slices present in the dependence graphs of the
program. From the graph it can be seen that the
length (number of slices) of the Largest Cluster(A) in
the original code was about 60%.

ReadFileName
WriteFileName
FRS, buffr, buffw

Removed Globals

Figure 6.8 — Relative Percentage Length Comparison

The results of this analysis will closely follow the results of relative area analysis. However, since
length and area are two identified characteristics of cluster by which they have been measured and
differentiated this analysis of the programs are also done. This acts as an additional measure when
detecting global variables that are responsible for causing dependence clusters.

In the case of Figure 6.8 the results are similar to that of Figure 6.7 and that the global variable
“FRS”, “buffr” and “buffw” causes significantly more reduction to the largest cluster compared to the
entire code. This fact confirms the identifications of these variables done through Figure 6.4 and
Figure 6.5 which identified the same global variables for causing dependence clusters within code.

Length of Cluster*

X100 %
Length of entire code containing Cluster*

* Any of the 4 cluster classifications

The results of this analysis technique used on all the different classifications of clusters for the entire
set of test subjects can be found in Appendix-A of this report:

e largest Cluster(A) - Page A-5.

e largest Cluster(L) - Page A-18.

e Qualifying Clusters(A) — Page A-11.

e Qualifying Clusters(L) - Page A-24.

6.4.5 Actual Area Comparison

The fifth type of analysis that is used is to perform Actual Area comparison. Here the actual area of
any of the cluster classifications is plotted against each other to see the actual effect of removing
individual globals. For instance figure 6.9 shows the graph for the comparison of the area of the
Largest Cluster(A) for the original code and all version of the modified code where the variables have
been removed. It can be seen that removing all variables shows a drop in the actual area of the
Largest Cluster(A). This is always the case as removing all Globals will remove parts of the program
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and will also remove parts of the clusters. In this case it can be seen that the same three globals
identified during previous techniques make a big

Actual Area Comparison difference to the area covered by the largest
gzgggggg clusters. However, this data must be interpreted
< 6000000 with caution. As already, mentioned removing
Eigggggg . variable removes a chunk of the program which

R LLEELLERL LIL. | through coincidence can also be a part of the Cluster

classification being analyzed. In such cases the
globals would really not be the key variable causing
dependence.
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Figure 6.9 — Actual Area Comparison

We are interested in focusing on globals that cause
large clusters. This is where the relative analysis shown in 6.4.3 and 6.4.4 can be use to verify that
the globals actually affect more of the cluster compared to the entire program. This analysis is used
to ascertain the actual area reductions due to removing a global variable.

It may be argued that the actual number when concerned with reduction is not of interest for the
purpose of analysis as it is related to the size of the program. Thus it can be also said that the same
comparison can be seen from analysis shown in sections 6.4.1. However, this analysis was necessary
for instances where the original program had no clusters that satisfied the criteria to be regarded as
qualifying cluster. But, after removal of a variable some of the cluster satisfied the criteria of
qualifying clusters.

This can happen if the removal of a variable reduces the overall area/length of the program allowing
cluster that narrowly failed the qualifying cluster criteria before removal to be regarded as qualifying
clusters after removal. Since, the analysis done in 6.4.1 and 6.4.2 used the cluster in the original
program as a benchmark for the comparison, absence of cluster in the original program would not
allow for detection of such phenomenon. To allow for the detection of such cases this actual number
analysis also had to be included during the study.

The results of this analysis technique used on all the different classifications of clusters for the entire
set of test subjects can be found in Appendix-A of this report:

e Largest Cluster(A) - Page A-6.

e largest Cluster(L) - Page A-19.

e Qualifying Clusters(A) — Page A-12.

e Qualifying Clusters(L) - Page A-25.

6.4.6 Actual Length Comparison

This analysis compares the actual run length

Actual Length Comparison (number of slices) that a cluster classification
gggg contains. From the project idea it can be seen that
_Le00 the slicing to calculate dependence clusters within
ﬁsog IIIIIIIIIIIIIIIIIIIIIIIII Ihs| source code was done on each program point (node

of CFG) of the original program. This means that the
larger the length, the more number of points of the
program is present within the cluster classification
Removed Globals that is being analyzed. The data from this analysis is
therefore used verify the actual reduction in length
cause by the removal of a global variable. Figure
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Figure 6.10 — Actual Length Comparison
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6.10 shows the actual length comparison for Largest Cluster(A). Just like the actual area comparison
this cannot be used as a direct indication of the effect of removal of a variable. This is because the
variable could have removed program points from the entire program itself which just happens to be
in the cluster that is being analyzed. The technique of performing relative comparison of the length
detailed in section 6.4.4 is used to identify variables that remove more of the cluster compared to
the program itself. This allows for identification of globals that target large clusters and are the real
causes of the presence of the dependence clusters in code. The actual values obtained from this
analysis technique are used to ascertain the exact amount of reduction caused by removal of global
variables.

In some cases it will be seen that removing globals can actually increase the length of a particular
category of clusters. This is because when globals are removed cluster tend to break down and
flatten out, which in turn can cause cluster that previously had different heights to be identified as
the same cluster due to the approximation technique being used. This fact is taken into account and
checked for during the process of determining the globals that cause large dependence clusters. It is
also countered by having the validity check added to the definition of qualifying clusters.

The results of this analysis technique used on all the different classifications of clusters for the entire
set of test subjects can be found in Appendix-A of this report:

e largest Cluster(A) - Page A-7.

e largest Cluster(L) - Page A-20.

e Qualifying Clusters(A) — Page A-13.

e Qualifying Clusters(L) - Page A-26.

6.4.7 Number of Clusters

As it was mentioned earlier the classifications Qualifying Clusters(A) and Qualifying Clusters(L) may
contain multiple clusters. As already mentioned in such cases the set of cluster and their combined
values would be used. For example if there are 3 clusters that form a set of Qualifying Clusters(A)
then their the area of the set would be all of their individual areas added together whereas their
length will be all of their individual lengths added together.

In such cases it becomes useful to analyze the number of cluster that forms the set of either
classification of Qualifying Clusters. Thus another
Number of Qualifying Clusters(A) technique or characteristic of clusters that is
monitored is the number of qualifying clusters. It
should be noted that this only applies to Qualifying

w

N

Number of Clusters
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1 “”I ”l” ”I”“”“” Cluster(A) and Qualifying Clusters(L) as they are
TEEyseeRy @ zuEgeasgvggeeeezey defined as set of clusters where there may be more
pE U0 F TEE3UEEELEELES28223 .

S = "3283gff22 "¢ thanoneclusterin each set.
ose~ 2§ T3
Removed Globals s £ The graph given in figure 6.11 shows the number of

Qualifying Clusters(A) for one of the subject programs
and its modified variations studied during the project.
It shows that the original program had 1 cluster that met the requirements of Qualifying Clusters(A)
and after removal of all global variables from the program there were no clusters that satisfied the
requirements to be regarded as a qualifying cluster(A). The fact that removing variable FRS causes
the number of cluster that meet the requirements to be a qualifying cluster(A) increases emphasis
on the fact that there was definite breaking of clustering by the removal of this variable. This
variable was earlier identified to be one of the key global variables causing dependence clusters.

Figure 6.11 — Number of Qualifying Clusters
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The results of this analysis technique used on both classifications of Qualifying Clusters for the entire
set of test subjects can be found in Appendix-A of this report:

e Qualifying Clusters(A) — Page A-14.
e Qualifying Clusters(L) - Page A-27.

6.5 Analysis techniques for Original Vs All Globals Removed

This section deals with analysis technique that compares different characteristics of the original code
to the version where all the global variables from the code have been removed. This is important
because it gives us an understanding of how the overall dependence within the code is affected by
the global variables. It is also used in the technique for categorization of programs according to the
likelihood of the containing global variables that may cause dependence clusters. Also, the data
collected from these techniques was used to do an overall analysis into the characteristics of global
variables and the effect they have on dependence structure in programs.

6.5.1 Actual Area Comparison

The graph given in figure 6.12 shows the comparison of the actual area values for the entire
program, Largest Cluster(A), Largest Cluster(L), Qualifying Clusters(A) and Qualifying Clusters(L)
between the original code and the code which had all the globals removed. In this particular
example shown in Figure 6.12 the area of the Qualifying Clusters(A) and Qualifying Clusters(L) are

both shown as 0 after removal of all the global
Actual Area Comparision (Original Vs ALL) . L.
variables. This is due to the fact that none of the
8 m Original Code = All Globals Removed clusters in the modified version of the code satisfied
£ BB moum s 0331 8200331 the criteria to be regarded as Qualifying Cluster. From
g 156358 IGOSZ I752 I . I . the huge drop in ar‘ea in a!l of the values'lt can be
5 seen that global variables did have a huge impact on
Q . e o . . .
£ Entire  Largest  largest  Qualifying Qualifying the clustering that was present in this code. The
§ Program Cluster(A)  Cluster(L)  Cluster(A)  Cluster(L) ; . .
Area Area Area Area results for this analysis technique used on all the 15
test subject can be found in page A-28 of Appendix-A.

Figure 6.12 — Actual Area Comparison
(Original VS All Globals Removed)

6.5.2 Actual Length Comparison

Figure 6.13 shows the graph for the actual Length Comparison analysis. It shows the difference in
number of slices present in the original code and the code with all globals removed. Just as the area
removing all globals will always lead to a decrease in
Actual Length Comparision (Original Vs ALL) the number of slices in the program. The distribution
of the slices in Largest Cluster(A), Largest Cluster(L),
Qualifying Cluster(A) and Qualifying Clusters(L) are

Ph109 e 2503 2503 2503 also presented. In this case it shows a decrease in all
. 54 .376 . 0 .0_ classifications of clusters. It should be noted that the

e trgest lgest | Qualiying Qualiying length of the Qualifying Cluster(A) and Qualifying
Program  Cluster(A)  Cluster(L) Cluster(A)  Cluster(L) Clusters(L) are shown to be 0 for the modified version
enen teneth - Leneih - Leneth of the code. This is also due to the fact that none of

the clusters in the modified version of the code meets
the criteria to be included in either Qualifying Clusters

M Original Code All Globals Removed

Number of Slices

Figure 6.13 — Actual Length Comparison
(Original VS All Globals Removed)
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Classifications. The results for this analysis technique used on all the 15 test subject can be found in
page A-29 of Appendix-A.
6.5.3 Relative Area Comparison

The relative area comparison shows the relative area values for all the four cluster classifications.
This analysis is instrumental in the technique of detecting the presence of globals that may be

_ — possible causes of dependence cluster which will be

Relative Area Comparision discussed in details in the next section of this report.

8 mOriginal Code Al Globals Removed The relative area values are obtained by calculating
E,, 87 87 87 87 the percentage of area covered by a cluster
g J , I ; I . I . classification relative to the area of the code in which
s the cluster occurs. It can be seen in figure 6.14 that
g cf:;tg:r?fx) Cltjsrtgeers(tu cClIlLasltizyri(r/lg) cclluuasltizvri(nj in the original code the Largest Cluster(A) covered
Relative Area % Relative Area % Relative Area % Relative Area % 87% of the area of the original program. Whereas
after removing all the globals from the code the

Figure 6.14 — Relative Area Comparison  |argest Cluster(A) covered only 7% area of the

(Original VS All Globals Removed) modified code. This means that the removal of all the

globals have reduced the Largest Cluster(A)

significantly more compared to the entire area of the program. The results for this analysis
technique used on all the 15 test subject can be found in page A-30 of Appendix-A.

6.5.4 Relative Length Comparison

The relative length comparison is very similar to that of the previous analysis where relative area
was explained. The difference being that instead of representing the relative change in the area this
study represents the relative change in the number of slice (run length) of each of the cluster
classifications. For example in the graph shown in Figure 6.15 we see that the Largest Cluster(A)

- — contained 64% of the slices of the entire program.
Relative Length Comparision . . .

Where as in case of the modified code which had all

. o 'O”gi”a'effde A”G"’Gja's"em"“ed o the globals removed from it, the Largest Cluster(A)

S only contained 2% of the slices of the modified code.

£ J 2 I 12 I o I o This also shows that removing all the globals causes

% an immense reduction in the run length (number of
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E Gty ) e et slices) in the Largest Cluster(A) compared to that of

« Relative Length Relative Length Relative Length Relative Length the mod|f|ed program. The resu|ts for th|s ana'ysis
% % % %

technique used on all the 15 test subject can be found

Figure 6.15 — Relative Length Comparison in page A-31 of Appendix-A.

(Original VS All Globals Removed)

6.5.5 Cluster Number Comparison

Figure 6.16 shows the comparison graph for the number of total clusters, number of Qualifying
Cluster(A) and the number of Qualifying Cluster(L) that are present in the original and modified
version of the code with all the globals removed. This study helps in understanding of the how
dependence clusters break due to removal of global variables and also aids the overall analysis into
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the characteristics of global variables. The results for
Cluster Number Comparision this analysis technique used on all the 15 test subject

mOriginal Code = All Globals Removed can be found in page A-32 of Appendix-A.
188

79

Total No of Clusters:  No. Of Qualifying No. Of Qualifying
Clusters(A) Clusters(L)

Number of Clusters

Figure 6.16 — Number of Clusters
(Original VS All Globals Removed)

The different analysis techniques explained through section 6.4 to compare cluster characteristics
and section 6.5 to compare original version of a program to the modified version with all global
variables removed were used to collect all the data presented in this report. They were also used
during the individual case study of each of the 15 programs to compare the cluster characterises
between the different version of code to find key global variables responsible for causing
dependence clusters. The discussion about these different techniques and outlining those answers
research question 3.6 “What techniques can be used to compare the different characteristics of
clusters?”

These techniques were also used to compare the mentioned characteristics of clusters between
various versions of code to gain an overall understanding of the dependence structure of code and
how they are affected by removal of global variables. Results for the overall study is provided in
section 6.11, page 83.

6.6 Categorizing Programs According to Global Dependence

One of the major contributions of this project is the development of a technique to locate possible
causes of dependence clusters. The overall idea was to remove each global variable of a program in
turn and produce modified versions of the code. Then analysis shown in the previous sections could
be carried out to determine which of the versions of code showed a drop in the dependence clusters
making it possible to identify global variables that are causing dependence clusters.

During discussion of the project idea, it was shown that if the removal of a global variable causes the
level of dependence the drop then it is very likely that the variable removed was responsible for the
clustering within the program. The drop in level of dependence can be measured in terms of either
area or length of the cluster. To ensure that any significant changes due to removal of a variable can
be detected all four identified cluster classifications were monitored and analyzed separately using
the techniques detailed in the previous sections.

These lead to collection of huge amount of data, where by comparing graphs generated through the
automated analysis macros it would be possible to determine the global variables whose removal
showed a reduction in dependence. Generating various versions of code, performing slicing on the
several different versions and then running the analysis is time consuming for large programs. One
example could be the program lottery that was studied. It was fairly large at 1382 lines and had 44
global variables. It took about 2 days to create the 45 versions of the program, perform slicing on all
the versions and then gather all the data for analysis to be performed.
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After analysis it was found that none of the 44 global variables present were responsible for causing
dependence clusters in the code. This period of collecting data and analyzing would have been
significantly longer if a program of a million lines of code was being analyzed.

There was thus the pressing need to develop a technique to efficiently and quickly identify if any of
the global variables in a program could be responsible for causing dependence. If, it could be easily
determined that none of the global variables were responsible for clustering then there would be
little point in spending resources on analyzing such programs to identify suspect globals.

There was another factor that was observed during the analysis of the test subject which raised
grave concerns. It was seen that some key globals target large dependence clusters where as some
variables only reduce dependence clusters because they happen to remove parts of a program that
coincidentally also happens to be a part of the cluster. To understand this phenomenon in depth let
us examine the MSGs shown in Figure 6.17.
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Figure 6.17 — False Reduction problem

The original MSG of the program shown in figure 6.17(i) shows the presence of a large dependence
cluster. Removing variable “A” removes parts of the program that simply happens to be present in
the cluster. That is it reduces the size of each slice within the cluster and the fact is illustrated in
figure 6.17(ii). In this case the removing the global variable has not made much change to the cluster
structure. The reduction in the height simply shows that the program points which contained the
global variable “A” had been removed. In fact, it could even be argued that removal of global “A”
worsens the clustering problem as the cluster in figure 6.17(ii) covers a larger portion of the
dependence graph.

However, the third MSG shown in figure 6.17(iii) illustrates the effect of removing another global
variable “B”. The removal of “B” has yielded far better results than removal of “A” as the number of
slices from the cluster has been reduced thus breaking up the cluster. In other words the nodes of
the original program that formed a cluster have been reduced. It can also be said that the global
variable “B” targeted the dependence cluster or was primarily responsible for the clustering. At this
point it should be noted that for the MSG shown in figure 6.17(ii), analysis of the actual area of the
cluster would show a significant reduction. The relative calculations would not however show
reduction as the cluster forms almost the same percentage of the entire code in both figure 6.17(i)
and 6.17(ii). This is why use of relative measurement to locate key global variables that target
clusters is of such importance.

This leads to the conclusion that finding global variables that target clusters rather than the other
parts of the program which do not form a cluster, needs the use of relative analysis of area and
length rather than the actual values. This is because in both cases the actual values would show
reduction where as the relative changes would actually show whether the global variable being
removed is primarily responsible for clustering. It should be noted that relative length
measurements are a more accurate representation of the reduction in clustering when compared to
relative area. However, in most cases both relative values will give identical information.
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From the above observations it can thus be concluded that a significant drop in the relative area or
relative length due to removal of a variable shows with certainty that the removed variable was a
cause of the clustering. The same however cannot be said by looking at the actual values for length
or area.

These observations led to the discovery of a quick and efficient technique to ascertain whether a
program contains any global variables that may be causing dependence clusters. Generally all 6
analysis techniques for all the 4 classifications of cluster would have to be checked to determine
whether there are any global variables that are primarily responsible for dependence clusters. With
this technique it would be possible to determine the likelihood of a global variable causing
dependence by analyzing only the version of the code with all global variables removed from it and
comparing it with the original. Analysis techniques shown in section 6.5.3 and 6.5.4 provide
comparison of the relative areas and relative lengths for the 4 classifications of clusters between the
original code and the version with all global variables removed from it. From meticulous analysis of
the graphs from both these techniques it was seen that the programs could be categorized into
three categories according to the data represented in these two analyses. The three categories are:

1. Acute Global Dependence
2. Chronic Global Dependence
3. No Global Dependence

6.6.1 Acute Global Dependence

Programs that belong to this category definitely contain Global Variables that are significantly
responsible for causing dependence cluster within the program. Programs that fall in this category
can be identified by comparing the relative area and relative length of the 4 cluster classifications
between the original code and the code with all global variables removed. When comparing the
values, if there is a drop in each case that is, if all the relative values for the version with all variables
removed are smaller than that of the original then it can be said that the program contains global
variable(s) that are responsible for causing dependence clusters.

The conjecture that underpins this theory is that, if after removing all the global variables it is seen
that there is a drop in the relative clustering compared to that of the original then at least one of the
globals removed during the process was responsible for the clustering. This is more evident because
removing all global variables would definitely reduce the size of the entire program, thus if there
were no globals responsible for clustering there would be an increase in the relative clustering.
Figure 6.18 shows the relative comparisons for a program which shows significant drop for both
relative area and relative length. It was also observed that the difference in the relative values were
closely related to the amount of change of the dependence structure, that is a bigger difference in
the values indicate a significant drop in the dependence level.
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Figure 6.18 — Acute Global Dependence Category
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Figure 6.18 shows the relative value graphs that would indicate a program of Acute Dependence
Category. Page A-30 of Appendix-A and page A-31 of Appendix—A gives the relative area
comparisons and relative length comparisons between the original code and the version with all
globals removed for all the 15 test subjects that were studied. From there it can be seen that the
test subjects Apartment, Sudoko, Address Book, Sudokol, Fass, C2PC and Interpreter falls under
this category and should contain global variables that are responsible for clustering. Therefore, these
programs are definitely worth analyzing as they are mostly like to gain from code refactoring. In-
depth case study whose details are provided in section 6.8 showed that all of these programs
identified to contain acute global dependence had global variables which were causing the
formation of large dependence clusters.

6.6.2 Chronic Global Dependence

The second category is the chronic global dependence category. Programs that fall in this category
show some reduction in relative length or area when the original code is compared to the version
with all global variables removed. However, the reduction is not consistent throughout the 4
classifications of clusters and for both the relative area and relative length comparisons. When there
is an inconsistency in the changes, some values will show an increase while others show decrease in
relative values. In such cases it cannot be said with certainty whether any of the global variables
present within the code are responsible for causing dependence clusters. However, during the case
study it was found that only of the programs that fell into this category did have global variables that
were responsible for clustering. This program was very close to being classified under the No Global
Dependence category but missed it marginally due to inconsistencies. The name chronic was used
as the overall dependence structure changes due to removal of all variables but clustering may or
may not have been caused by any of the global variables. An example of the sort of graphs for
relative comparison found for programs that fall under the Chronic Dependence category is shown in
Figure 6.19. From the graphs it can be seen that there are increases in some of the comparison and
some of them show a decrease thus putting programs vyielding such graph in the chronic global
dependence category.
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Figure 6.19 — Chronic Global Dependence Category

From page A-30 and A-31 of Appendix-A it can be seen that the test subjects Ice Cream, College,
ProTest, Server, NasCar and Banking fall under Chronic Global Dependence category. It will be
shown during in-depth case study of each of this programs that all the programs identified under
this category contains global variables that cause dependence clusters except for the program
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College. 1t was however observed that the program was not categorized under the No Global
Dependence by a very small margin.

6.6.3 No Global Dependence

When a global variable is removed then all dependencies related to that global is also removed. We
can thus say that, when all global variables are removed from a code, all dependences associated
with all the globals are removed. Therefore, if the relative area and length comparison for any of the
4 categories of clusters do not show a reduction when all the globals are removed, it is certain that
none of the globals are responsible for dependence clusters. Programs that show an increase in the
relative area and relative length comparison for all cluster classifications when all global variables
are removed cannot contain any global variables responsible for clustering.
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Figure 6.20 — No Global Dependence Category

Figure 6.20 shows an illustration of graphs produced by programs that fall under this category. This
categorization is particularly important because this would enable us to quickly eliminate programs
that do not contain any potential globals that may be responsible for dependence clusters. For
example in the case of the program lottery discussed earlier it could be identified in less than half an
hour that the program does not contain any global variables that are responsible for dependence
cluster thus, 2 days and all that resource would not have to be wasted performing analysis of the 44
global variable removals. From page A-30 and A-31 of Appendix-A it can be seen that the test
subjects Lottery and Conversion fall under this category of Global Dependence categorization.
During in-depth case study of these two programs neither of them were found to contain any global
variable that contributed to formation of dependence clusters.

Figure 6.21(i) on the next page shows the percentage decrease in the length of the Largest Cluster(L)
for all the test subjects with all the globals variables were removed from each of them. It can be
seen that the programs Conversion and Lottery which fall in the No Global Dependence category
showed no decrease in the length. On the contrary they showed an increase in the length. The
program College which was categorized under Chronic Dependence Category did not show and
increase or a decrease. All the other remaining test subjects however showed a decrease in the
lengths when all the global variables from them were removed. The program College was later
found not to contain any global variables that were causing dependence clusters.
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Decrease in Largest Cluster(L) Length Global Dependence Categorization
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Figure 6.21 — Program Distribution (Global Dependence Category)

The graph in figure 6.21(ii) shows the distribution of the programs in the three categories that were
identified. This show that almost half of the programs studied had acute dependence present in
them which means there were global variables that were responsible for causing dependence
clusters. This fact can be used to emphasize the importance of this study into understanding the
notions concerning formation of dependence clusters due to global variables. Also, there were two
programs identified that do not have any global variables responsible for causing dependence
clusters.

The discussion presented in this section answer the research question 3.7 “How can programs be
categorized according to the likelihood of them containing global variables which are responsible
for causing dependence cluster?”

Table 6.3 given below lists the set of programs that are being studied according to the likelihood of
them containing global variables which cause dependence clusters.

Table 6.3 — Global Dependence Category
Program Global

Dependence
Category

Conversion No

Lottery No

Icecream Chronic
College Chronic
Banking Chronic
Protest Chronic
Server Chronic
Nascar Chronic
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6.7 Efficient Algorithm for Locating possible causes of Dependence Clusters

The following algorithm has been devised to provide an efficient methodology for detection of

global

variables that may be causing dependence clusters. There are two stages to the algorithm as

show below:

Stage 1: Verify that program contains global variables that may be causing dependence clusters

1.

w

Nouv s

Perform slicing of the Original Program and get slice-size data using the CodeSurfer script
provided.

Copy data into the excel template for automated analysis.

Modify the program to remove all globals (at the same time) from the program using
GLOBMOD. The list of global variables present in a code can be copied from CodeSurfer GUI.
Perform slicing of the modified version with all globals removed to obtain slice size data.
Copy slice-size data for modified version with all globals removed to excel template.

Run automated analysis of data using excel macros (provided as artefact).

Compare the relative length and relative area of the original and the modified (all globals
removed) version to determine the Global Dependence Category of the program.

If the program falls in No Global Dependence category then the code does not contain any
globals that are primarily responsible for dependence cluster thus, end analysis process for
this program.

If the program falls in either Chronic Dependence Category or Acute Dependence Category,
initiate next stage to find suspect global variables.

Stage 2: Identify key global variables causing dependence clusters

10

11.
12.
13.
14.

15.

16.

17

. Use GLOBMOD to remove each global variable at a time to get several versions of the
program.

Collect slicing data from each modified version using CodeSurfer.

Copy data for each modified version into the excel template

Run automated analysis to perform calculation on Excel.

Check the Relative Area and Relative Length comparison charts of each cluster classification
to determine variables that cause dependence cluster reduction.

Review the actual affect of the identified variables in step 15 through analysis of the MSG
and of the actual value graphs created in by the automated macros in Excel.

If no key global variable is found causing dependence cluster compare the MSG for all
globals removed to the MSG for the original program.

a. If both MSGs are identical but show only a drop in height the, program does NOT
contain any key global variable causing dependence clusters. This will not happen
unless programs that fall into No Global Dependence category identified in step 8 are
analyzed.

b. If both MSGs are not identical that is, the version for all globals removed shows a
drop in dependence structure then the program does contain global variables which
are responsible for clustering. However, the fact that individual removal of none of
the global variables show a drop in dependence clusters indicates that only when a
specific combination of global variables are removed there is a drop in the
clustering. In such cases trial and error method will have to be used to ascertain and
find combination that would cause clustering to break.

. If variable are identified to be causing clustering then use GLOBMOD to make another
version of the program being analyzed. This version should have all the identified key
(responsible for dependence clusters) removed from the program.
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18. Perform slicing of this modified version (key globals removed) and append data to Excel file,
re—running the automated analysis.

19. The change in dependence for removing All Global variables from the program and that from
removing the entire set of key variables should be identical.

20. Mismatch of their dependence structure indicate a problem. Check individual removals and
semantics of code to ascertain why the mismatch has occurred.

21. If the MSGs are identical then the key global variable identified are the set of variables
causing dependence clusters. Check data for versions of code (already in excel due to step
10) where the key globals were removed individually to ascertain contribution of each key
variable.

22. If, individual removal of key variable does not show a drop in clustering, but the removal of
all key variable does; then, the dependence cluster in the program is caused by a
combination of all the key variables.

23. Finally, once all the key global variables causing dependence clusters have been identified,
semantic preserving refactoring of the program should be attempted to restructure the use
of key globals in the code; reducing dependence clusters.

Please Note: The word “attempted” is used in step 23 because it may not be possible to perform
semantic preserving refactoring of programs due to the nature of problem being address by them.

The algorithm above was found to be very efficient during the individual case studies detailed in the
next section. The efficiency of the algorithm arises from to its ability to make use of Global
Dependence Categorization technique to filter out programs that do not contain any global variable
responsible for causing dependence clusters. The algorithm is elongated by the fact that some
program will show a drop in dependence clusters only when a particular combination of global
variables are removed.

The algorithm in this section was used to answer the research question 3.8 “How can we efficiently
locate the key global variables causing dependence clusters within programs?”

6.8 Case Study

This section of the report shows the detailed study for each of the 15test program that was used
during the empirical study. The case studies will focus on how the key global variables causing
dependence in each of the 15 programs were identified. The programs will be presented according
to their Global Dependence category as it helps readers easily grasp the associated issues. The case
studies will be presented using the order shown in Table 6.3 on page 60.

Firstly two programs that fall in the No Global Dependence Category will be detailed in section 6.8.1
and 6.8.2. Then the 6 programs that fall under the Chronic Dependence Category will be discussed
from section 6.8.3 through to 6.8.8. Finally the 7 programs of the Acute Global Dependence category
will be detailed from section 6.8.9 through to 6.8.15.
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6.8.1 Conversion

This program is used to covert values between the metric system and the english system of
measurement. During intial study it was categorized to contain medium level of dependence.

The relative area and the relative length comparison [figure 6.22(i) and figure 6.22(ii)] between the
original code and the version of code with all globals removed showed that there is no drop in the
relative measurements for any of the cluster classifications. This puts this program in the No Global
Dependence Category. This also means that the program would not contain any global variables that
are responsible for causing clusters.

Although in practice, there would be little point in spending resources analyzing such programs, for
the purpose of this study extensive analysis was carried to prove that the Global Dependence
Categorization techniuge holds. The study of the relative clustering comparisons for all modified
versions of the code also showed that removal of none of the global variables caused any drop in the
dependence structure. Figure 6.22(iii) shows the relative area comparsion for Largest Cluster(A)
which can be used to highlight the fact that the Global Dependence Category theory holds.

100

Relative Area Comparision Relative Length Comparision ]
Largest Cluster(A) Relative

M Original Code All Globals Removed Percentage Area

61 70

B Original Code All Globals Removed

63
3038 364 4

. mm oml W

Largest Largest Qualifying Qualifying

42 48 50

19 22 27 36

_n - l |

Largest Largest Qualifying Qualifying
Cluster(A) Cluster(L) Cluster(A) Cluster(L) Cluster(A) Cluster(L) Cluster(A) Cluster(L)
Relative  Relative  Relative  Relative Relative  Relative  Relative  Relative
Area % Area % Area % Area % Length% Length% Length% Length%

Relative Percentage Size
Relative Percentage Area

o
-—
-_
-—
-—
-_
-_
—
-—
-_
-—
-_
-—
—
—
-_
-—
-_
-_
-_

Relative Percentage Area
Pretty
All
cm
cml
errno
ft
ft1
in
inl
km
km1
m
ml
mi
mil
mm
mml

Original

Removed Globals

Figure 6.22(i) Figure 6.22(ii) Figure 6.22(iii)

Figure 6.22 — Analysis Data (Conversion)

6.8.2 Lottery

This is a program that is used to generate random numbers for a lottery and was found to contain
low level of dependence during intial study. The relative area and the relative length comparison
[figure 6.23(i) and figure 6.23(ii)] between the original code and the version of code with all globals
removed showed, there was no drop in the values. It also meant that this program falls in the No
Global Dependence Category. The program thus, should not contain any global variables responsible
for causing dependence clusters. This was verified using the relative clustering comparisons of all
the modified versions of the code. The study found that removal of none of the global variables
caused any signifiacnt drop in the depepndence structure. Figure 6.23(iii) shows the relative length
comparsion of the Largest Cluster(L) which confirms that the Dependence Category technique holds
for this program.
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Figure 6.23 — Analysis Data (Lottery)
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6.8.3 Ice Cream

The program ice cream is an application program for the POS of an ice cream parlour. During initial
study it was categorized to contain low level of dependence.

The study of the relative length and area comparison [figure 6.24(i) and figure 6.24(ii)] revealed that
there was inconsistency in the changes to the relative clustering values. For example in Figure
6.24(i), the relative area of the largest clusters increases whereas the relative area of the qualifying
clusters drop. This shows that there is a possibility for the existence of global variables that may be
responsible for dependence clusters. This also puts the program in Chronic Global Dependence
category.

Review of the relative length comparsion of Qualifying Clusters(A) shown in figure 6.24(iii) revealed
that the removing the global variable “num_lollie” caused a drop in dependence.
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Figure 6.24 — Analysis Data (Ice Cream)

Further study of the acutal values presented by atuomated analysis macros showed that there was
an actual drop in the clustering when “num_lollie” was removed. This was confirmed by the
comparision of the MSG of the modified version [figure 6.24(v)] of the program which had
“num_lollie” removed, to the MSG of the original [figure 6.24(iv)]. Figure 6.24(vi) shows MSG of the
version of code which had all the global variables removed. A further drop in dependence structure
is seen when compared to that of figure 6.24(v). This is because of the fact that the entire program
contained a small number of program points and removing all globals had a signifcant impact on the
total dependence structure.

The program ice cream is a POS simulation software for a small ice cream shop and the global
variable “num_lollie” stores the total number of lollies purchased. It is used by all parts of the
program to either calculate the number of packets the customer needs and to work out total prices
including discounts, if a particular number of packets are purachased at a time. This usage by all the
various functions of the code causes the build of up the clsutering. Therefore, “num_lollie” is the key
global variable in this code that is responsible for causing dependence clustering.
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6.8.4 College

The program college is software which allows students to register for particular courses. During
initial investigation it was shown that the program had very low dependence level.

Comparing the relative area and the relative length of the clusters for the original code to the
version of the code where all variables were removed [Figure6.25(i) and Figure 6.25(ii)], showed that
there was an inconsistent change in the relative clustering. This means the program had to fall under
the Chronic Global Dependence category.

Programs that fall in the Chronic Dependence Category may or may not contain any global variables
that are responsible for formation of large dependence clusters. This also means that there was a
possibility that this program would contain global variables which may be responsible for
dependence clusters.
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Figure 6.25 — Analysis Data (College)

However, upon inspection of the graphs for the relative length and relative area of the clusters it
was found that there are no such global variables in the program that contributes to dependence
cluster formation. This is evident from figure 6.25(iii) which shows that relative area changes for all
version of the program analyzed.

This led to starting an investigation into why this program was not classified under the No Global
Dependence category since it clearly does not contain any globals that are responsible for causing
dependence clusters. Upon closer inspection of figure 6.25(i) and 6.25(ii) it can be seen only
Qualifying Clusters(L) shows a decrease in its relative area and relative length. Upon further
investigation into the values obtained during analysis, it was found that removal of all global
variables from the code reduced the dependence to such a level that none of the clusters satisfied
the requirements for Qualifying Clusters(L). As there were no clusters in that category both figures
6.25(i) and 6.25(ii) showed a reduction.

This further shows that the Global Dependence Categorization technique holds. The program
narrowly missed by categorized under the No Global Dependence category and thus was not found
to contain any global variables responsible for causing dependence clusters.
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6.8.5 Banking

This program simulates the functions of an ATM. During initial study this program was found to
contain low level of dependence.

Comparison of the relative length and the relative area of the between the original code and the
modified version of code that has all the globals removed, revealed that there is a inconsistency in
the changes of the relative clustering values. There was thus, the possibility of the presence of global
variable that may be responsible for dependence cluster.

As it can be seen from figure 6.26(i) and figure 6.26(ii) the program Banking falls in the Chronic
Global Dependence category. Also from these two graphs it can be seen that the only reduction is in
the length of the Qualifying Clusters(A) relative length. Looking at the analysis done for Qualifying
Clusters(A) Relative Length Change shown in figure 6.26(iii) it was seen that the variable “a” caused
significant reduction in the clustering. The MSG shown in figure 6.26(iv) reveals the presence of a
large cluster in the original program. The MSG shown in figure 6.26(v) is for the modified version of
the code that had the variable “a” removed. Comparison of the two MSGs shows that the
dependence cluster was broken by removing the variable “a”. Furthermore, figure 6.26(vi) shows the
MSG of the version of the program which had all the global variables removed from it. Comparing
figure 6.26(v) and figure 6.26(vi) it can be seen that removal of the global variable “a” has almost the
same effect as removing all the global variables from the code. The small further decrease that can
be seen in figure 6.26(vi) compared to figure 6.26(v) is because of the reduction in the program
points from removing all the global variables.
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Figure 6.26 — Analysis Data (Banking)

Figure 6.26(vi)

Thus, from the analysis it was concluded that the program Banking contains one key variable namely
“a” which caused the clustering in the program.

The global variable “a” is used in the program to store the selections made by users from a menu. As
this variable is used by different functions within the program, the small clusters created by each
function is connected together to form a large clusters through this global variable. Removing this
global variable thus breaks the link connecting the smaller clusters reducing the large dependence
cluster. This was an example of CDF occurring through a global variable.
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6.8.6 Protest

Protest is an application that is used to encrypt data that is obtained from the console of a server.
During initial investigation it was also shown to contain low level of dependence. Comparison of the
relative length and the relative area of the between the original code and the modified code with
version of code that has all the globals removed [figure 6.27(i) and figure 6.27(ii)] revealed that there
is inconsistency in the changes of the relative values. This shows the possibility of presence of global
variable(s) that may be responsible for dependence cluster. This also means that the program is
classified to come under Chronic Global Dependence category. Upon inspection of the Largest
Cluster(A) Relative Length shown in figure 6.27(iii), it was found that removal of four variables
“ncounter”, “namelcomp”,”name2comp” and “mychar” cause significant decrease in the
dependence clustering. MSGs shown in figure 6.27(v), figure 6.27(vi), figure 6.27(vii) and figure
6.27(viii) are four versions of the code with these global variables removed respectively. In such
cases removal of all the key global variables in conjunction will show a greater drop in the clustering

then either of them removed on their own as illustrated in figure 6.27(ix).
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Figure 6.27 — Analysis Data (Protest)

The program Protest contains 4 key global variables that were responsible for causing dependence
clusters in the code. These global variables are “ncounter”, “namelcomp”, “name2comp” and
“mychar”. The variable “ncounter” is used as a counter for multiple loops. The other three variables
are arrays which store values that are manipulated throughout the different functions of the
program. It can be seen that “namelcomp” and “name2comp” produce identical MSGs after their
respective removals. This is because both are used as temporary arrays to store data and always
occur in pair throughout the program. It was found later that these two uses of global variables lead
to formation of large clusters.
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6.8.7 Server

The program Server is a HTTP application for a server. It was found to contain low level of
dependency during initial study. Comparison of the relative length and relative area values between
the original code and the modified code with version of code that has all the globals [figure 6.28(i)
and figure 6.28(ii)], revealed that there is inconsistency in the change. This means that there is the
possibility of presence of global variable(s) that may be responsible for dependence cluster. The
program was thus classified to fall under the Chronic Global Dependence category. Upon inspection
of the Largest Cluster(A) Relative Area shown in figure 6.28(iii), it was found that removal of four
variables “fp”, “customer_id”,”response” and “count” cause significant decrease in the dependence
clustering. MSGs shown in figure 6.28(v), figure 6.28(vi), figure 6.28(vii) and figure 6.28(viii) are for
versions of the code with these global variables removed respectively. In such cases removal of all
the key global variables in conjunction will show a greater drop in the clustering then either of them
removed on their own as illustrated in figure 6.28(ix).
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Figure 6.28 — Analysis Data (Server)

The program Server thus contains 4 key global variables that are primarily responsible for causing
clustering within the program.

“customer_id” is the global that holds a customer identifier which is accessed by several functions in
the program to identify the customer while retrieving customer information from database.
“response” is a global array which holds the messages that are to be displayed to customer and is
updated by each function of the program. The global variable “fp” is a file pointer which is used by
serveral functions when updating customer records. It can be noticed that “fp” does not break the
cluster as much as “response” because it is accessed by less number of functions. “count” is again a
loop counter which have been globalized to avoid multiple declarations thus causing clustering.
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6.8.8 NasCar

This program is simulation software to simulate a NasCar race. This program was also found to
contain low dependence level during initial investigation. Comparison of the relative length and the
relative area between the original code and the modified code with version of code that has all the
globals removed [ figure 6.29(i) and figure 6.29(ii)], revealed inconsistency in change of the values.

This also means that the program was classified to contain Chronic Global Dependence. However,
upon close inspection of figure 6.29(i) and figure 6.29(ii) it can be seen that there is a high level of
decrease in all cluster classifications except one. The relative values strongly suggest that this
program should contain global variables that are responsible for clustering. Upon inspection of the
Largest Cluster(A) Relative Area, it was found that removal of two variables “indraft” and
“total_distance” cause a decrease in the dependence clustering. MSGs shown in figure 6.29(iv) and
figure 6.29(v) are for versions of the code with these global variables removed respectively and
verify the decrease in clustering compared to figure 6.29(iii) which illustrates MSG for the original
version of code. In such cases removal of all the key global variables in conjunction will show a
greater drop in the clustering then either of them removed on their own as illustrated in figure
6.29(vi). The MSG also shows that removing both variables together from the code completely
eliminated the dependence clustering from the code.
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Figure 6.29 — Analysis Data (NasCar)

This program simulates a NasCar race and the global variable “indraft” holds the direction of the car
and the global variable “total_distance” holds the distance the simulated car has travelled. Since
both these values are checked and updated with each time step they are acessed after any and
every operation performed within the code. This causes both these two global variables to link the
entire dependence within the code to form large clusters that dissipate once the variables are
removed.

Note: This concludes the study concerning programs that belonged to Chronic Dependence
Category. It was observed that all programs that fall under this category and No
Dependence Category had a low level of initial dependence structure as show in section 6.2,
page 41.
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6.8.9 Apartment

Apartment is a program used to manage the booking and reservation system for a block of holiday
apartments. During initial dependence study it was found to contain low level of dependency.

Comparison of the relative length and the relative area between the original version of the code and
the version with all globals removed revealed a consistent pattern of decrease for all cluster
categories as shown in figure 6.30(i) and figure 6.30(ii).

The program therefore has acute global dependence and there must be presence of global variables
within the program that have strong influence on the formation of a dependence cluster. From
figure 6.30(iii) which shows the changes in length of the Qualifying Clusters(L), it can be seen that
the removal of global variable “choice” has a very big impact on the clustering within the code. This
fact is further verified by comparing the MSG of the original program shown in figure 6.30(iv) with
that of the version that has the variable “choice” removed from it shown in figure 6.30(v).
Furthermore, the MSG shown in figure 6.30(vi) shows the dependence structure of the version of
code which had all global variables removed from it. Comparing figure 6.30(v) and figure 6.30(vi) it
can be seen that the removal of the global variable “choice” has almost the same effect as removing
all the global variables from the code.
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Figure 6.30 — Analysis Data (Apartment)

Therefore, the program Apartment has one key global called “choice" which makes a significant
difference and is the main cause of the dependence cluster within the program.

The variable “choice” stores selections made by users from a menu, which is then accessed by
several if statements in the program to call upon other functions depending on the value of
“choice”. The large cluster seen in the program was comprised of small clusters formed by each
function which were linked together through the global variable “choice”. By removing the global
variable “choice” the link between the small clusters was broken thus; we see the drop in the overall
large dependence cluster.

This program is an ideal candidate for semantic preserved refactoring and the dependence cluster
could be easily broken down by restructuring the use of “choice” in the program. The results
achieved from refactoring this program has been detailed in section 6.10.1, page 81 of this report.
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6.8.10 Sudoko

Sudoko is a game which also has the capability to solve a Sudoku problem. Initial study in to the
dependence structure revealed that the program has a cluster which covered almost 90% area of the
dependence graph. This fact is evident in the MSG for the original program shown in figure 6.31(iv).

Comparison of the relative length and the relative area between the original code and the modified
code with version of code that has all the globals removed [figure 6.31(i) and figure 6.31(ii)], shows
consistent drop in relative values for all clusters. This puts the program in Acute Dependence
Category and shows the definite presence of global variable(s) that is responsible for dependence
cluster. The significant decrease in the relative values also means that removing the key variables
from the program would lead in a huge drop in the clustering. Upon inspection of the Largest
Cluster(A) Relative Area shown in figure 6.31(iii), it was found that removal of two variables “a” and
“count” cause significant decrease in the dependence clustering. MSGs shown in figure 6.31(v) and
figure 6.31(vi) which are for versions of code with each of these variables removed showed that both
of the global variables were responsible for the clustering. In such cases removal of both these key
global variables in conjunction will show a greater drop in the clustering then either of them
removed separately as illustrated in figure 6.31(vii). Comparison of figure 6.31(vii) and figure
6.31(viii) reveals that removing both these variables together achieved very similar results to that of
removing all the global variables from the program.
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Figure 6.31 — Analysis Data (Sudoko)

“n

The two key global variables that are responsible for causing dependence clusters in Sudoko are “a
and “count”.
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The global variable “a” is the three dimensional array that holds the numbers of the Sudoku games
board. In other words it holds the state of the Sudoku board. “count” is a variables that is used as a
counter for loops.

It has already been discussed that use of one global variable as a counter to multiple loops would
cause large clustering. However, upon inspection of the code to gain a domain level understanding it
was seen that the loop counter was only used in one of the loops. Further investigation was needed
to find the reason behind why this global variable could be causing dependence. This program was is
the second case study that would be discussed as a possible candidate for performing semantic
preserved refactoring in section 6.10.2, page 82.

The global variable “a” is accessed by each function and logic of the program which tries to solve a
Sudoku problem. Variables like this which holds the sate or some view that is accessed by all parts of
the program generally lead to formation of extremely large clusters. This variable “a” in this case
could be compared to an accumulator of a calculator program and causes a similar clustering affect.

6.8.11 Address Book

Just as the name suggests address book is an application that manages and holds contact
information for in an electronic address book. Initial study showed that this program to contains
medium level of dependence.

Comparison of the relative length and the relative area between the original version of the code and
the version with all globals removed revealed a consistent pattern of decrease for all cluster
categories. This is shown in figure 6.32(i) and figure 6.32(ii). The program therefore has acute global
dependence and must contain global variables which are responsible for formation of large
dependence clusters. From figure 6.32(iii) which shows the changes in relative area of the Largest
Clusters(L) it can be seen that none of the global variables have a big impact on the formation of the
dependence cluster in the program.

The original program however contains very high level of dependence which can be seen in figure
6.32(iv). The program was thus categorized to contain acute global dependence. However, the two
global variables that showed the maximum drop in the relative length from figure 6.32(iii) were
“choice” and “index”. Removing the global variables revealed that they decreased the overall area
covered by the largest cluster but none of them caused a major breaking of the cluster which can be
seen in figure 6.32(v) and figure 6.32(vi).

This was inconsistent with the acute global dependence criteria that the program was classified
under. Review of the MSG for the version of the code which had all the global variables removed
revealed the reason for this inconsistency. It can be seen in figure 6.32(vii) that by removing all the
global variables the overall area of the cluster was reduced significantly but the cluster was not
dissipated as in the other programs. This was caused by the mutual recursion structure present in
the code which caused the clustering even when all the global variables were removed. This is a
special case which shows that none of the globals caused the large cluster in the program. Finally, as
“choice” and “index” fit the type of global variables that cause dependence clusters and both of
them show a considerable drop in the cluster area they were considered as key globals causing the
cluster in this program. Figure 6.32(vii) clearly shows that there are factors other than global
variables that are causing the formation of the dependence cluster. The categorization technique did
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not reveal desired results because removing all global variables breaks the large cluster into two
parts which are very similar and are hard to differentiate using the MSG.
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Figure 6.32 — Aanalysis Data (Address Book)

The two key global variables in this case which were able to reduce the area of the clusters were
“index” and “choice”. The global variables in this case was used to hold the index of the address that

is being looked up and the option selected by the user respectively.
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6.8.12 Sudoko1

This is another program that solves a Sudoku problem. This is far more advanced compared to the
one looked at before and is written by different authors. The original program was seen to contain a
large cluster covering almost 90 of the dependence graph representing the program.

Comparison of the relative length and the relative area of the original code and the modified version
of code that has all the globals removed [figure 6.33(i) and figure 6.33(ii)], revealed that there is a
consistent drop in the relative values for each cluster. This drop in all cases is very large. This
strongly indicates the definite of the presence of global variable(s) responsible for dependence
cluster.

The program can also be said to have a severe case of Acute Global Dependence. The significant
decrease in the relative values also means that removing the key variables from the program would
lead in a huge drop of the clustering within the code. Upon inspection of the Largest Cluster(A)
Relative Area shown in figure 6.33(iii), it was found that removal of variable “Sudoku” causes a
significant decrease. MSG shown in figure 6.33(v) shows the effect of removing the variable
“Sudoku” from the code. When compared to the MSG for the original code shown in figure 6.33(iv),
it can be seen that removal of “Sudoku” breaks the largest cluster down significantly. It was
however, noticed that a large cluster still remains after the removal. However, study of the figure
6.33(iii) show there is no other global variable seems to be responsible for clustering.

Upon inspection of the MSG for the version of code with all the global variables removed [figure
6.33(vi)] it was seen that the removal of “Sudoku” has the same effect as removing all globals. After
inspection of the code it was found that the residual clustering is caused by the mutual recursion
used in the program to continually update the Sudoku board to find a solution. Therefore, removal
of any other global variable would not cause a significant change to the dependence structure.
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Figure 6.33 — Analysis Data (Sudoko1)

The key variable which causes clustering for this program is a three dimensional array called
“Sukodu”. The array holds the acutal state of the sudoku board which is used by various functions
within the program to update to state of the board in order to find a solution.
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6.8.13 Fass

Fass is a two pass assembler for 8086 microprocessors. It was seen to contain medium level of
dependence during the initial study.

Comparison of the relative length and the relative area of the original code with version of code that
had all the globals removed [figure 6.34(i) and figure 6.34(ii)], revealed that the program had Acute
Global Dependence. This means that some of the global variables of the program were definitely
causes of dependence clusters. Upon inspection of the Qualifying Clusters(L) Relative Area shown in
figure 6.34(iii), it was found that removal of three variables “line”, “st” and “tmp” cause a decrease
in the dependence clustering. MSGs shown in figure 6.34(v), figure 6.34(vi) and figure 6.34(vii) are
for versions of the code with these global variables removed respectively. In such cases removal of
all the key global variables in conjunction will show a greater drop in the clustering then either of
them removed on their own as illustrated in figure 6.34(viii). Removing any of one of the global
variables cause a significant decrease in the dependence clustering compared to that present in the
original code as illustrate by the MSG in figure 6.34(iv). Comparison of figure 6.34(viii) to figure
6.34(ix) shows that removing the three global variables together has the same effect as removing all
global variables from the code which completely eradicates dependence clusters from the code.
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Figure 6.34 — Analysis Data (Fass)

The program Fass has three global variables that are responsible for clustering. The global variable
“line” is used to keep track of the line of the assembly code that is being dealt with and is used by
each function while performing operations. The global variable “st” is a pointer to a structure which
is accessed and updated by all the function. “tmp” is a global array of type char which is used to
hold messages that need to be output to the user regarding parsing or compilation errors.
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6.8.14 C2PC

C2PC is a code transformer program that can be used to transform standard Pascal code to C. During
initial study it was seen that C2PC had a very large cluster covering 87% of the dependence graph
area. This is evident from the MSG shown in 6.35(iv) for the original program.

Study of the graphs shown in figure 6.35(i) and figure 6.35(ii) revealed a consistent drop in the
relative length and relative area for all clusters. The fact that removing all global variables
significantly reduced the relative area and relative length of each cluster leads to the conclusion
that, this program contains global variables which cause the clusters. In other words the program
has Acute Global Dependence.

Upon inspection of the Qualifying Clusters(L) Relative Area shown in figure 6.35(iii), it was found that
removal of three variables “frs”, “buffr” and “buffw” cause a decrease in the dependence clustering.
MSGs shown in figure 6.35(v), figure 6.35(vi) and figure 6.35(vii) are for versions of the code with
these global variables removed respectively.

In such cases removal of all the key global variables in conjunction will show a greater drop in the
clustering then either of them removed on their own as illustrated in figure 6.35(viii). Removing any
of one of the global variables cause a significant decrease in the dependence clustering compared to
that present in the original code as illustrate by the MSG in figure 6.34(iv). Comparison of figure
6.35(viii) to figure 6.35(ix) shows that removing the three global variables together has the same
effect as removing all global variables from the code which completely eradicates dependence
clusters from the code.
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Figure 6.35 — Analysis Data (C2PC)
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The global variable “FRS” is a one dimensional array which acts as a function return string. Each
function in the program returns an array of characters by placing it in this global array. The global
variables “buffw” is the file buffer used to hold data that needs to be written to a file. The global
“buffr” which breaks the cluster is the file read buffer and is accessed by each function making use of
files. It can be seen that although removal of “frs” and “buffw” reduces the height of the cluster they
do not actually break dependence cluster. Removing all the three variables together dissipates the
clustering altogether. In some programs due to the fact that small clusters are linked together by
multiple global variables, only removal of all those global variables causing the link will dissipate the
clustering.

6.8.15 Interpreter

The program is a line interpreter for C. During initial analysis it was found that the programs
dependence graph contained a cluster that covered almost 80% of the graphs area.

From comparison of the relative length and the relative area that the clusters form in the original
code and the version of code that has all the globals removed it was seen that there is a consistent
drop throughout. Figure 6.36(i) and figure 6.36(ii) give the comparisons for all the 4 cluster
classifications. This revealed that there is a definite presence of global variable(s) that is responsible
for dependence cluster.

The program was thus, classified to contain Acute Global Dependence. Furthermore looking at the
two graphs it can also be seen that there is significant decrease in both measurements for all cluster
classifications. This would point to the fact that there should be global variables present in the code
which would be immensely responsible for causing dependence clusters.

Upon inspection of the Qualifying Clusters(L) Relative length shown in figure 6.36(iii), it was only one
global variable called “interger_variables” caused decrease in the clustering. MSGs shown in figure
6.36(v) shows the drop in the dependence cluster due to removal of the global variable compared to
figure 6.36(iv) which illustrates the dependence in the original code through MSG.

It was seen that although this variable breaks the largest cluster into two it still leaves two extremely
large clusters. To check whether the clustering in the code was due to some reason other than
global variables the MSG for the version of the code with all globals removed was compared which is
shown in Figure 6.36(vi). It was found that removing all the globals broke the dependence cluster by
a considerable amount but, again looking at figure 6.36(iii) and other relative analysis for the
program, there were no suggestions of any other global variable causing reduction in dependence
clusters.

Also, this program was of fairly large size and the clustering would not be broken only because of the
fact that nodes were reduced due to removal of global variables. This points to the fact that, a pack
of global variables is causing the clustering. But, unlike the other programs studied the dependence
in this program can only be reduced through removal of the entire pack. After trying several
combinations through trial and error method it was found that when the global variables
“file_buffer”, “current_line_number” and “integer_variable” were removed in combination there
was significant reduction in the large clusters present in the original code. This phenomenon is
illustrated in figure 6.36(vii) which shows an identical affect on clustering as that of removing all the
global variables from the code.
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Figure 6.36 — Analysis Data (Interpreter)

Thus, far all the key global variables that were identified in all the case studies showed some
reduction in dependence clustering when they were removed on their own. When all the indentified
global variables causing dependence were removed from a code a reduction in dependence
clustering was observed which was similar to that of when all global variables were removed.

This program however, shows a unique trait in the fact that only one global variable showed a
decrease in the dependence structure when removed. It however did not have the same results as
removing all the global variables. It was finally found through trial and error that a combination of
three global variables had to be removed to get the same effect as removing all the global variables.
However, removing them individually did not show any change in dependence.

Domain level study to understand the semantics of the program revealed why this phenomenon
occurred. The global variables which did not show a change were used by each and every function of
the code. They both formed links which connected smaller clusters to form a large cluster. Removing
either of them did not break the link completely so there was no effect on the large cluster.
However, where all were removed the links connecting the small clusters was complete severed
causing a huge drop in the dependence. At this point it can be seen that even after removing all the
global variables form the program, it still has significantly large clusters left. This is because there is
presence of recursive structures within the code.
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6.9 Case Study Summary

Table 6.4 summarises the results found from the case study carried out on each of the 15 test
subjects. The Initial Dependence level column shows the dependence category that each of the
programs belonged to according to the categorization study done in section 6.2. The global
dependence category refers to the categorization of the programs according to the likelihood of
global variable(s) within the programs being responsible for the formation of dependence clusters
and was detailed in section 6.6. The total number of variables column shows the total number of
global variables present in the program where as the next column represents the number of global
variables found to be responsible for clustering from the individual case studies carried out.

Table 6.4 — Case Study Summary

Program Lines Initial Global Total Number | Number of Key
of Dependence Dependence of Variables | Variable causing
Code Level Category dependence
clusters

Icecream 229 Low Chronic 13 1
Conversion 231 Medium No 18 0
College 275 Low Chronic 4 0
Apartment 597 Low Acute 16 1
Banking 603 Low Chronic 7 1
Sudoko 706 High Acute 26 2
Protest 756 Low Chronic a4 4
Server 788 Low Chronic 25 4
Address Book 891 Medium Acute 26 2
Sudokol 917 High Acute 31 1
Nascar 1094 Low Chronic 21 2
Fass 1133 Medium Acute 11 3
C2PC 1239 High Acute 24 3
Lottery 1382 Low No 44 0
Interpreter 1561 High Acute 10 3*

*All the identified variables need to be removed together to result in the reduction of dependence
clusters.

From the case study it was seen that programs that were categorized under the Chronic Global
Dependence category may or may not contain global variables that contribute to the formation of
dependence clusters. Only in the case of the program College it was seen that there were no global
variables in the code that was responsible for cluster. It was also seen that all the programs that
were categorized under Chronic Global Dependence had very low levels of dependence in them.

In all the programs that were categorized under No Global Dependence category, there were no
global variables responsible for causing dependence. Also, in all the programs that were categorized
to contain Acute Global Dependence there were always one or more global variables present that
contributed significantly to the formation of dependence clusters.

It was also seen that although in most cases each identified key global variable will individually
reduce clustering; removing all the key global variables together would cause reduction identical to
that achieved by removing all global variables from the code. It was also seen that in some special
cases removing individual global variables would not cause any reduction in the dependence clusters
whereas removing a certain combination of them would reduce the clustering by a significant
amount. This phenomenon occurs in only the program “Interpreter” out of the fifteen programs
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studied. Although such phenomenon where combination removal is the key can be identified by
comparing the dependence structure of the original code to that of the version which has all globals
removed; there is no set technique to find globals that actually would be a part of the combination.
Trial and error methodology would have to be used in such cases to locate the best possible
combination.

From the case studies carried out it can be seen that although all global variables in a program have
the same scope their contribution to formation of clusters depends on how they are accessed by the
parts of the program which are not dependent on each other. The global variables that were
responsible for formation of dependence clusters in the programs studied were mostly used for the
following purposes within the programs:

e To store choice made by users from a selection menu. Within most programs functions
were called based upon the user’s selection stored in such variables.

e As a loop counter. Using a single global variable as a counter for multiple loops causes the
individual clusters caused by the loops to be linked together.

e To hold data that is accessed by several functions or various parts of a program. The state of
a Sudoku board stored in an array would be such a case.

e To hold data that is updated by several functions of a program. An array holding the state of
the Sudoku board could again be an example or Accumulator of a calculator could also be
another example.

e To hold data that is returned by functions throughout the program.

e To act as File buffers. This is both for storing data while reading from files and writing to
files.

Some of these uses of global variables can be easily avoided or restructured in cases where they
have already been implemented. The easiest of the bunch is to localize loop counters as they can be
easily declared separately before their use. Also, the fact that on average there were only 2 global
variables per program causing clustering shows that not much effort would be needed to remove
dependence clusters. Also the fact that 12 out of 15 programs had key global variables causing
dependence clusters highlights the importance of the work done in this project.

For this project, this section also answers the research question 3.9 “Is there a commonality in the
semantic use of key global variables identified as causing dependence?”

6.10 Semantic Preserved Refactoring

In the previous section it was shown how key global variables causing dependence clusters may be
located. The next step in the process leading to improving quality of code would be to answer the
subjective question how to find dependence pollution from the identified clusters. This aspect is
however outside the scope of this project. Instead of dealing with this subjective question of trying
to decide on which of the dependence clusters are regarded as dependence pollution, a simpler
approach will be used only to illustrate that refactoring of the code to change its structure can
actually improve the quality of the code by making it easier to maintain.

Two test subjects were picked for the re-factoring process to illustrate situations where an
improvement is seen and one where an improvement is not seen. The two test programs that were
picked for refactoring are Apartment and Sudoko. Both of them were classified to contain Acute
Global Dependence.

80



Chapter 6: Empirical Study

6.10.1 Apartment

During the case study of the program Apartment detailed in section 6.8.9, page 70 it was shown that
the program fell in the Acute Dependence Category, which means the program would contain global
variables that were responsible for formation of dependence clusters. There was one key global
variable called “choice” identified as the key global variable causing dependence clusters in the
program. Figure 6.37(i) show the MSG for program, which clearly shows the presence of large
clusters. Figure 6.37(ii) shows the version of the same program with all the global variables removed,
shows a clear drop in the clustering. Figure 6.37(iii) illustrates the MSG for the version of the code
which had only the global variable “choice” removed from it. It was thus from this that it was

identified that choice was the global variable causing the dependence.
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Figure 6.37 — Refactoring Results for Case Study Apartment

Upon inspection of the code and gaining a domain level understanding it was found that the global
variable “choice” is a loop counter. The programmer declared a global loop counter which was used
to control loops all over the program.

The program structure was thus re-factored to localize the counters used for every loop. The
semantics was not affected and the functionality of the program remained the same. However,
because the loops were now disjointed, the small clusters formed by each loop were isolated and
the large dependence cluster within the program dissipated.

The MSG for the re-factored version of the program is shown in Figure 6.37(iv) which is identical to
Figure 6.37(ii) and Figure 6.37(iii). In this instance it was shown that although the semantics of the
program was preserved changing the structure of the program reduced the dependence clustering
within the program. A reduction of dependence clustering makes the program more maintainable
and understandable hence improving the quality of the program. This also shows how techniques
developed during the project can be used to locate possible causes of dependence and hence,
improve the quality of software.
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6.10.2 Sudoko

The second program was chosen to demonstrate the refactoring process and was to illustrate the
fact that it always may not be possible to re-structure the code keeping the semantics intact due to
the inherent nature of the problems that are dealt with by the programs. The program “Sudoko” is a
program that solves a Sudoku problem. For the program to work and be able to calculate the
possible combinations all the logical functions of the program need access to the state of the Sudoku
board. The state of the Sudoku board is stored in a three dimensional array called “a”. This is similar
to an accumulator of a calculator which holds the results after each operation performed by a
calculator. By their inherent nature of the need to access them throughout the program, such
variables cannot be localized.
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Figure 6.38 — Refactoring Results for Case Study Sudoko

However, during the case study of the program it was also seen that removal of another variable
called “count” showed a reduction in dependence. This can be seen by comparing the MSG for the
original code shown in Figure 6.368(i) with the MSG for the version of the program with the global
variable “count” removed shown in Figure 6.38(ii). The variable “count” is a loop counter which was
declared globally. In an attempt to reduce the dependence clustering in the code the counter was
localized. However, MSG for the re-factored version of the code show in Figure 6.38(iii) did not show
a change in the dependence structure.

Upon a closer inspection of the semantics of the code it was revealed that count was used in only 1
loop in the program. However within the loop there were recursive calling of other functions.
Therefore, localizing count did not make a difference as in this case the cluster was caused by the
recursive calls that included count. Dependence cluster in this case was caused by MRC.

From the two re-factoring case studies it was shown that using the technique developed in this
project, the quality of software can be definitely improved. Although the technique and tool
developed during this project will aid in locating global variables that are responsible for
dependence clustering, it may always not be possible to reduce the dependency in code through
restructuring because of inherent nature of the problems that are dealt with by these programs.

This also answers the research question 3.10 “Can semantic preserving refactoring of dependence
causing global variables be used to improve software quality?”

82



Chapter 6: Empirical Study

6.11 Overall analysis

The set of test subjects studied had a total of 320 global variables. Each variable was removed in
turn to obtain a modified version of the program in which they occurred. Overall comparison charts
were drawn to see effect caused by each of the 320 removal to area, relative area, length and
relative length to each of the 4 cluster classifications. Figure 6.39(i) illustrates the graph for the
percentage decrease caused by each of the removals to the Area of the Largest Cluster(A). In the
diagram it can be seen that 238 out of the 320 globals caused a reduction in the area where as 78
had no effect and 4 increased the area. The average effect on all 4 classifications of clusters and their
detailed explanation is given in Appendix-A according to the following list:

= Effect on Actual Area : Page A-33
Decrease of Largest Cluster(A) Area = Effect on Relative Area : Page A-34

= Effect on Actual Length: Page A-35

= Effect on Relative Length: Page A-36

= Effect on number of clusters: Page A-37

238 Positive Effect

Frequency charts as the one shown in Figure 6.39(ii) can also be
found on the same page which illustrates the distribution of the
global removed according to the amount of percentage decrease
78 No Effect caused by them.

Removed Globals

4 Negative Effect
-100 -50 0 50 100

The results of this overall study are summarized below:

Percentage Decrease

= Removal of around 90% global variables shows +10%
change to the characteristics of the clusters, mostly positive.

= Although it was seen that more than 50% of the global

variables removed showed some positive effect in terms of

reducing clustering, during case study it was found that only 27

50 out of the 320 global variables present in the 15 programs
studied were key variables causing large dependence clusters.

“l |”I |I = There are a significant number of global variables that do

Figure 6.39(i)

Decrease of Largest Cluster(A) Area

(Logarithmic Scale)

1 e, not affect the dependence structure within the code at all.
R°RSS * |t astonishes that even for relative comparison of
Decrease Percentage characteristics of clusters; almost 25% of the global variables
removed showed no effect. This would mean that these global
Figure 6.39(ii) variables when removed caused a reduction by the exact same

proportion to both the cluster and the entire program.

Frequency of Globals Removed

Figure 6.39- Overall Removal
Effect Analysis

The study summarized above into the overall characteristics that global variables have on the level
of clustering in programs answer the research question 3.11 “What percentage of global variables
in the programs studied caused a change to the level of clustering?”

At this point it should be noted that the results presented in this section from the overall study is
specific to the set of data analyzed. In formal terms they only represent that data obtained from the
study of the specified test subjects and their application to programs in general should be done with
great care.
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6.12 Statistical Analysis
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Statistical analysis to determine the relationship
between the reduction in the number of nodes and
the area of dependence graphs due to removal of
variable was done. Spearman’s rank correlation was
used to perform a non-parametric measure of
correlation between the two sets of data.

The X- Axis of the scatter graphs shown in Figure 6.40
was calculated using the following formula:

Number of Nodes
After Removal

Number of Nodes
Before Removal
The Y-Axis values for the scatter graphs in Figure 6.40
were calculated using the following formula:

Area
After Removal

Area
Before Removal
The spearman statistical analysis revels the strength
of correlation which is given by the coefficient R.
There is said to be a Very Strong correlation if the
value of R is greater then 0.8. The results for the
Spearman Analysis done on the entire program and
the 4 cluster classifications is given in Table 6.5.

Table 6.5 — Spearman Correlation Data

Correlation

Strength

Entire Program 0.711 Strong
Largest Cluster(A) 0.705 Strong
Qualifying Clustes(A) 0.787 Strong
Largest Cluster(L) 0.879 Very Strong
Qualifying Clusters(L) 0.857 Very Strong

Figure 6.40(iv)
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Figure 6.40 — Spearman Correlation Graph

The data for the test was taken from the 320 versions
of modified code collected through the removal of
global variables.
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Removal of any global variable from a code will reduce the total number of slices in the dependence
graph representing the program. This will also lead to the reduction of the area and under the
dependence graph. However, when global variables responsible for causing clusters are removed,
the clusters are broken. Break of cluster reduces the area of the entire program and of the cluster
broken significantly more than normal cases. The statistical test was done to verify the relationship
between the two reductions, namely reduction in area and reduction in number of nodes. The
existence of a strong relationship shows that most of the variables caused an even reduction; that is
they were not key variables responsible for causing dependence clusters.

On the contrary, the absence of a perfect relationship shows that there are a small number of key
global variables present in the study which cause uneven reductions. This is evident on the 4 scatter
graphs shown above in Figure 6.40(ii) through to Figure 6.40(v) for each of the cluster classifications.
There are only a few removals which do not conform to the linearity of data in the graphs and
represent the results of removal of the 27 key global variables identified. Previously it was identified
that an average of 160 global variables show some reduction when removed but only 27 of the 320
global variables in the programs were regarded as key variable because they caused a significant
drop in the clustering. This fact is proven through the existence of the strong correlation which also
indicates that only a small number of global variables are responsible for a non-linear change.

The discussion in this section of the report answers the last research question posed 3.12 “Is there a
statistically proven correlation between the reduction in number of node to that of the area of any
program and its clusters, due to removal of global variables?”

6.13 Threats to Validity

This section deals with the factor that could pose a threat to the results presented in this report
achieved through the empirical study. The data represented in the report have been collected from
empirical study carried out on 15 test subjects who were obtained from the internet. Like any study
of this sort, it is a concern whether the overall conclusions drawn from these set of test subjects
apply to programs in general. The set of test subjects did include programs that perform variety of
tasks such as games, POS (Point of Sales) Applications, Booking and Reservations Software,
Simulations and code transformers. All the test subjects of the study were under 2K LOC with some
of them being less than 500 LOC. Thus general conclusions drawn about the characteristics of the
global variables present in these programs may not be a true representation of all programs and
may only be the trait of program which is of small size. These facts need to be verified by extending
the empirical study to include large open source and industrial strength software.

There are several other threats to validity which are all related to the adaption of techniques and
tools. Concerns about potential faults with the slice were mitigated by using a mature and widely
used slicing tool (CodeSurfer). The script which was used for obtaining slice size data and the cluster
visualization technique has been both taken from credible publication of renowned authors. The
concerns about the occurrences of cluster and MSG approximation technique were also addressed
by the authors of that paper [Z]through empirical studies that they had done.

The threshold of 10% was used to determine which clusters of a program could be regarded as
qualifying clusters along with the threshold of 10% to determine key variables that caused a
reduction in the dependence. Both these values are subjective and remain the preference of the
investigator. For this study it was deemed that only clusters that cover more than 10% of the area of
a MSG are worth studying and thus would be regarded as Qualify Clusters(A). However, some
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researchers may prefer to use a stricter or a more lenient threshold depending on the area of
concern. The framework for Global Dependence Categorization proposed through this project was
based and verified using data which had to meet certain thresholds as described previously.
Changing the thresholds used during the calculation of clusters would change the set of data
collected, which would mean that the proposed framework may no longer remain valid.

6.14 Key Findings/Results

About half the programs studied had dependence clusters that covered more than 50% area
of the programs dependence graph.

Programs can be divided into three distinct categories according to the area of their
dependence graph covered by the largest dependence cluster.

Set of dependence clusters need to be measured to address the multiple clustering
problems.

Appropriate threshold for slice size needs to be specified to avoid detecting false clusters
Clusters can be divided into four classifications according to how they are measured.

Relative measurements of dependence cluster allow for an accurate detection of changes.
Programs can be categorized into three distinct categories based upon the likelihood of
them containing global variable responsible for causing dependence clusters.

Technique for identifying key global variables that cause dependence clusters was
developed and verified.

In some programs, the global variables responsible for causing dependence cluster need to
be removed concurrently to obtain reduction of clusters.

Some common uses of global variables always will always lead to formation of large clusters.
It is possible to use semantic preserved refactoring of programs to reduce dependence
clusters, based on the key global variables identified to be causing the clustering.

Semantic preserved refactoring may not be applicable to some programs because of the
nature of the problem address by them.

There is existence of a strong statistical relationship between the reduction in area and
reduction in number of nodes due to global variable removal.

12 out of the 15 programs studied were shown to have global variables responsible for
causing dependence clusters.

Only 27 out of the 320 global variables present in the set of test subjects were key global
variables responsible for causing dependence clusters.

Please note only brief generalized findings are given here with exact findings detailed in
appropriate sections of this chapter.
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Project Review

This chapter outlines the possible ways of extending this project and further work that can be done
following the completion of the project. It also summarizes the entire project and draws conclusions
from the project.

7.1 Further work

Future work for this project can be focused on the different areas as detailed below.

7.1.1 Improving GLOBMOD (Automated variable removal tool)

The tool GLOBMOD developed during this project to automate the process of removing global
variables from source code is a crude command line tool and is not user-friendly. It can be made
more user-friendly and efficient to use by adding the following options to it:

= GUI to handle all the operations

=  Ability to Remove Individual global variables from a given list and create individual modified
versions for each global on the list

= Ability to remove same variable from multiple input files / project.

The tool GLOBMOD was built as an extension of ERLTOOL which is a C/C++ Pretty Printer. Although
the parser used for the tool can be made to work on both Linux and Windows platform, the parser is
currently unable to handle most open source code. This is due to the lack of its ability to handle
macros found inside C source code. Macros are found in abundance in large open source code
hence, no open source programs could be used during empirical study done for this project. This
shortcoming of the tool can be overcome by extending the grammar base for the parser, enabling it
to deal with macros that are found in C code. The problem can also be addressed through the re-
implementation of GLOBMOD using a more powerful parser, namely EDG parser.

7.1.2 Broadening the Empirical Study

The test subjects considered during the empirical study were all obtained from code repository
websites. The 15 test subjects considered were from a wide variety of application areas such as
games, POS application and code transformers. However, the size of the test subject ranged from a
mere 250 LOC up to 1600 LOC. The data that was collected from the study of these programs was
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used to develop an efficient technique for locating dependence clusters. It was also used for
proposing frameworks that could be used to categorize programs according to likelihood of them
containing global variables responsible for causing clustering and according to the level of
dependence present in them.

The empirical study thus needs to be extended to include a wider class of programs especially some
large-scale open source and industrial strength commercial programs. Study of such programs would
represent real world programs more effectively. This would help in further verification of the results
presented through this report and also to ascertain the competence of the frameworks proposed.

7.1.3 Research Questions Posed for future study

There are two research questions that need to be answered before the project can be extended to
achieve the overall vision of an automated technique to remove unwanted dependence. These are
as follows:

“How to differentiate between unwanted dependence clusters and the ones that are
necessary due to nature of problem being solved?”

It was illustrated through this project and previous studies in this area that a considerable
proportion of programs contain high level of dependence structures in them. Higher levels
of dependence make them harder to understand, maintain and test. However, the level of
dependence cannot be used to ascertain the quality of the code. In some instances it may be
unavoidable due to the nature of problem being addressed by the program in question.
Therefore, there is the need to be able to differentiate between instances where the
dependence is avoidable and the instances where they are not.

“How to automate the process of removing unwanted dependence using semantic
preserving refactoring?”

Once the previous question has been answered it will be possible to differentiate unwanted
dependence from the ones that are necessary. There has to be formal methods defined
which can be implemented through tools that can automate the process of semantic
preserving refactoring of programs to remove unwanted dependence.

7.1.4 Extending the Overall Project

As previously discussed this project forms a part of the big picture which aims at automating
the process of improving software quality (maintainability, testability and understand-
ability) by removing unwanted dependence from source code. Figure 7.1 illustrates the part
of the big picture that was implemented through this project and the high-level view of the
future extension to this project which will lead to achieving the vision. It should be noted
that the variable removal, slicing and analysis parts of this project have been automated
separately but need to be linked together to automate the entire process shown as work
completed in order to achieve full automation.
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Figure 7.1 above shows how the project may be extended in the future to reach the ultimate goal.

Figure 7.1 — Future Project Extension
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Further research will be required to deal with the subjective task of assessing and identify clusters
that are actually avoidable and can be regarded as pollution. After a technique to resolve the
pollution detection problem has been found, research will need to be redirected. The focus then
needs to shift towards issues related to automated re-factoring. The solution of this problem is likely
to come from context based methods. These methods can then be used to perform semantic
preserving restructuring of source code to reduce unwanted dependence hence, improving the
understand-ability and maintainability of code. This would in turn lead to a fully automated process
which can reduce unwanted dependence in source code to improve its quality.
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7.2 Conclusion

This project takes a different path from the previous study done on dependence clusters in the sense
that, it goes into greater depth to deal with finer issues of the area. The project deals extensively
with how clustering may be detected and measured. It illustrates the fact that multiple clustering
problems are found in a significant number of programs. Previous study on dependence clusters only
considered the largest cluster present in a program and did not deal with the issue of multiple
clusters. The project also shows that there are different ways in which a cluster may be measured.
This problem is further enforced by the fact that only 50% of the clusters turn out to be the same
regardless of which characteristic is used to measure them. From this a classification technique
which contains 4 cluster types is proposed based on how clustering is detected and measured.

The study was then focused on finding different techniques that may be used to compare the
clusters based on their characteristics. Several such techniques were illustrated and how they aid in
ascertaining the changes in dependence due to global variable removal was also shown. This led to
discovery of a far more efficient technique for identifying global variables those are responsible for
clustering, compared to the original presented in the project proposal. The increase in efficiency is
derived from developed technique that can be used to categorize programs according to the
likelihood of them contain global variables that are responsible for causing dependence clusters. The
ability to categorize programs in this way will allow for time and resources to be directed at
analyzing programs that definitely contain clusters caused by global variables and thus should also
be more susceptible to reduction in clustering through semantic preserving refactoring.

The empirical study done during the project was based on a set of 15 programs which were taken
from variety of application areas giving a good mix of programming structures to base overall results
upon. The efficient technique developed to locate possible global variables causing dependence
clusters was used on the set of programs studied, results for which can be found in the appendices.
Findings from individual case studies were presented identifying the key variables that were causing
dependence clusters in the programs. Overall analysis of all the data collected from individual
removal of 320 global variables revealed that around 50% of the global variables contributed
towards the formation of dependence clusters whereas, only 27 of them were responsible for
causing the major clusters in the programs. Detailed results of the overall analysis are also provided
as a part of the appendices. The revelation that only a small proportion (8%) of the global variables
were found to be key causes of clustering further emphasizes the rewards of restructuring the use of
these key global variables. The resources needed to perform the restructuring of the programs are
likely to be worthwhile in the long run, as it will result in increasing the maintainability and
testability thus, ultimately saving resources. Also, the fact that 12 out of 15 programs analyzed did
contain key global variables which caused clusters is testament to the importance of this project.
However, semantic preserving refactoring to remove dependence may not always be possible due to
nature of problems being solved by some programs. The overall study also revealed that the use of a
global variable as a counter for multiple loops, to hold return values from functions and file buffers
lead to formation of large dependence clusters.

One of the other major contributions of the project is GLOBMOD; an automated tool that is able to
remove user specified global variable(s) form source code. The tool was extensively used during the
project to obtain numerous version of each program with variable(s) removed from each of the
versions. The results summarized above were all obtained from analysis of these versions of
programs obtained through the application of the tool. GLOBMOD forms an integral part of the
detection process for identifying global variables that are primarily responsible for causing
dependence clusters. The tool was developed by extending a C/C++ pretty printer known as
ERLTOOLS. The tool itself is implemented in standard C language but uses proprietary language to
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specify code transformations. The parser used in the original tool has limitations which have been
detailed in the report. Instructions on how to install the tool and use it have been attached as
appendix to this report along with the source code for relevant files of the extension. The analysis
process involved meticulous study of enormous amount of data which called for its automation. The
analysis part of the project was also automated through the use of VB scripts for Microsoft Excel.

The project was completed by answering the numerous research questions that were posed at the
beginning. Future work to include an extension to GLOBMOD and the empirical study were defined.
The road map of how the project may be extended to achieve the bigger picture goal of having an
automated process that could improve quality of software by removing unwanted dependence
structure has also been provided. Specific research question that were raised from work done in the
project were also noted.
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Glossary

Capillary Data Flows-

CodeSurfer -

Control Dependence -
Data Dependence -
Dependence Analysis-
Dependence Cluster-

Dependence Pollution-

Dynamic slicing -
ERLTOOLS-
Global variables -

GLOBMOD-

Loops-

MSG -

MRC-
Node-
Pretty Printer -

Semantics-

Slice Criterion-

Slicing -

Data flow which occurs between two large and otherwise unconnected
clusters through a single variable.

Commercial C/C++ Analysis Tool.

Dependence due to control over execution of statements.
Dependence due to use of value (data).

Study of inter-relation between nodes of a program.

Set of program points that are mutually dependent upon one another.

Dependence Cluster formed due to use of avoidable programming
construct.

Slicing taking values (data) into consideration.
Pretty Printer for programs written in C/C++.
A variable that can be accessed by all parts of a program.

Tool which can remove specified global variables from C/C++ source
code. This was developed during this project.

A programming structure whose body is repeated a specified number of
times or to until a specified stop condition is met.

A graph of the function of slice size, plotted in monotonically increasing
size.

Cluster formed due to mutual recursive function calls.

Basic unit used to build CFG.

Tool that increases readability of code.

The operational semantics for a programming language describes how a
valid program is interpreted as sequences of computational steps.
These sequences then are the meaning of the program.

Defines the variable and line on which to perform slicing.

Process of extracting parts of a program that have a dependence
relationship with the slice criterion.
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Source Code-
Source Code Analysis-
Static Analysis-

Static Backward
Slicing-

Lines of code that make up a program.
Analysis of properties of source code.
Analysis of a program without executing it.

Process of extracting parts of a program that can influence the slice
criterion.
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Appendix — A

Data from Various Analysis Techniques

Dependence Structures of Test Subjects — MSG Visualization

Largest Cluster(A) Percentage Area Comparison

Largest Cluster(A) Percentage Length Comparison

Largest Cluster(A) Relative Percentage Area Comparison
Largest Cluster(A) Relative Percentage Length Comparison
Largest Cluster(A) Actual Area Comparison

Largest Cluster(A) Actual Length Comparison

Qualifying Clusters(A) Percentage Area Comparison
Qualifying Clusters(A) Percentage Length Comparison
Qualifying Clusters(A) Relative Percentage Area Comparison
Qualifying Clusters(A) Relative Percentage Length Comparison
Qualifying Clusters(A) Actual Area Comparison

Qualifying Clusters(A) Actual Length Comparison

Number of Qualifying Clusters(A) Comparison

Largest Cluster(L) Percentage Area Comparison

Largest Cluster(L) Percentage Length Comparison

Largest Cluster(L) Relative Percentage Area Comparison
Largest Cluster(L) Relative Percentage Length Comparison
Largest Cluster(L) Actual Area Comparison

Largest Cluster(L) Actual Length Comparison

Qualifying Clusters(L) Percentage Area Comparison
Qualifying Clusters(L) Percentage Length Comparison
Qualifying Clusters(L) Relative Percentage Area Comparison
Qualifying Clusters(L) Relative Percentage Length Comparison
Qualifying Clusters(L) Actual Area Comparison

Qualifying Clusters(L) Actual Length Comparison

Number of Qualifying Clusters(L) Comparison

Actual Area Comparison (Original Code Vs All Globals Removed)
Actual Length Comparison (Original Code Vs All Globals Removed)
Relative Area Comparison (Original Code Vs All Globals Removed)
Relative Length Comparison (Original Code Vs All Globals Removed)
Cluster Number Comparison (Original Code Vs All Globals Removed)

Overall Decrease of Actual Area caused by global variable removal

Overall Decrease of Relative Area caused by global variable removal

Overall Decrease of Actual Length caused by global variable removal

Overall Decrease of Relative Length caused by global variable removal

Overall Decrease in number of Qualifying Clusters caused by global variable removal
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Appendix-A: Data from Various Analysis Techniques

Dependence Structures of Test Subjects — MSG Visualization

Detailed explanation for the graphs on this pages can be found in section 6.2, page 42.
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Interpreter

iques
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Largest Cluster(A) Percentage Area Comparison

Data from Various Analysis Techn

Detailed explanation for the graphs on this pages can be found in section 6.4.1, page 47.
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Appendix-A: Data from Various Analysis Techniques

Largest Cluster(A) Percentage Length Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.2, page 48.
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Interpreter
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Lottery

Largest Cluster(A) Relative Percentage Area Comparison

Data from Various Analysis Techn

Detailed explanation for the graphs on this pages can be found in section 6.4.3, page 49.
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Largest Cluster(A) Relative Percentage Length Comparison
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Lottery

Data from Various Analysis Techn

Detailed explanation for the graphs on this pages can be found in section 6.4.4 page 50.
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A-6

Interpreter

iques

Lottery

Largest Cluster(A) Actual Area Comparison

Data from Various Analysis Techn

Detailed explanation for the graphs on this pages can be found in section 6.4.5 page 50.
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Appendix-A: Data from Various Analysis Techniques

Largest Cluster(A) Actual Length Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.6, page 51.
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Data from Various Analysis Techni
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Number of Qualifying Clusters(A) Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.7, page 52.
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Largest Cluster(L) Percentage Area Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.1, page 47.
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Data from Various Analysis Techni

Appendix-A

Largest Cluster(L) Percentage Length Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.2, page 48.
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Detailed explanation for the graphs on this pages can be found in section 6.4.4, page 50.
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Appendix-A

Largest Cluster(L) Actual Area Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.5, page 50.
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Appendix-A: Data from Various Analysis Techniques

Qualifying Clusters(L) Actual Length Comparison

Detailed explanation for the graphs on this pages can be found in section 6.4.6, page 51.
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Detailed explanation for the graphs on this pages can be found in section 6.4.7, page 52.
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Appendix-A: Data from Various Analysis Techniques

Actual Area Comparison (Original Code Vs All Globals Removed)

Detailed explanation for the graphs on this pages can be found in section 6.5.1, page 53.
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Appendix-A: Data from Various Analysis Techniques

Actual Length Comparison (Original Code Vs All Globals Removed)

Detailed explanation for the graphs on this pages can be found in section 6.5.2, page 53.
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Appendix-A: Data from Various Analysis Techniques

Relative Area Comparison (Original Code Vs All Globals Removed)

Detailed explanation for the graphs on this pages can be found in section 6.5.3, page 54.
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Appendix-A: Data from Various Analysis Techniques

Relative Length Comparison (Original Code Vs All Globals Removed)

Detailed explanation for the graphs on this pages can be found in section 6.5.4, page 54.

B Original Code All Variables Removed B Original Code All Variables Removed B Original Code All Variables Removed
g S o
N 37 b N 18 19 19 18
A 27 3 2 @ 63 @ 15
) ; 17 % 30 38 36 45 42 & 6 6
S 0 0 € 6 7
g _mm l ._ 8 | | I § . °
o = ©
1) 1) 5
& a
g Largest Largest Qualifying  Qualifying ¢>J Largest Largest Qualifying  Qualifying % Largest Largest Qualifying  Qualifying
S Cluster(A) Cluster(L) Cluster(A) Cluster(L) ':'; Cluster(A) Cluster(L) Cluster(A) Cluster(L) E Cluster(A) Cluster(L) Cluster(A) Cluster(L)
% Relative Relative Relative Relative T Relative Relative Relative Relative ’T‘: Relative Relative Relative Relative
o« Length % Length % Length % Length % « Length % Length % Length % Length % [ Length % Length % Length % Length %
Ice Cream Conversion College
H Original Code All Variables Removed [ B Original Code All Variables Removed 9 | Original Code All Variables Removed
g & k-
5 12 12 12 12 ) 2 9 68 68 76 68
& ] 14 15 ]
Fd 11 11 11 11 t 5 6 8 £ 21
£ ] 00 ] 8 0 0
: : o :
o A‘_’ — S
QL [
a o e 14
] Largest Largest Qualifying  Qualifying E Largest Largest Qualifying  Qualifying ‘2_‘ Largest Largest Qualifying  Qualifying
= Cluster(A)  Cluster(L)  Cluster(A)  Cluster(L) % Cluster(A)  Cluster(L)  Cluster(A)  Cluster(L) % Cluster(A)  Cluster(L)  Cluster(A)  Cluster(L)
% Relative Relative Relative Relative (5 Relative Relative Relative Relative 3 Relative Relative Relative Relative
«< Length % Length % Length % Length % Length % Length % Length % Length % Length % Length % Length % Length %
Apartment Banking Sudoko
m Original Code All Variables Removed " H Original Code All Variables Removed W Original Code All Variables Removed
N
[ & [
N L4 N
» 32 29 [ I 63 63
) 3 2 ¥ n 2 v o a3 43 43 43
k] 11 3 11 11 € 4 6 4 0 0 23 23
= o £
§ _m - . - g -— || — | . 8 N | [ |
a o
o 7}
[
% Largest Largest Qualifying  Qualifying E Largest Largest Qualifying  Qualifying % Largest Largest Qualifying  Qualifying
-E Cluster(A) Cluster(L) Cluster(A) Cluster(L) o Cluster(A) Cluster(L) Cluster(A) Cluster(L) E Cluster(A) Cluster(L) Cluster(A) Cluster(L)
’T‘: Relative Relative Relative Relative g Relative Relative Relative Relative ) Relative Relative Relative Relative
(-3 Length % Length % Length % Length % Length % Length % Length % Length % 3 Length % Length % Length % Length %
ProTest Server Address Book
° m Original Code All Variables Removed m Original Code All Variables Removed [ W Original Code All Variables Removed
g o N
o N L
3 55 55 55 55 @ 13 13 13 13 [
) g 8 = 39 39 39 39
2 13 13 13 13 s 2 3 £ 11 1 20 1
S = 0 o
: : : B B N B
1) 5 o
& o
o o
_g Largest Largest Qualifying Qualifying ¢>* Largest Largest Qualifying Qualifying E Largest Largest Qualifying Qualifying
® Cluster(A) Cluster(L) Cluster(A) Cluster(L) ":6 Cluster(A) Cluster(L) Cluster(A) Cluster(L) % Cluster(A) Cluster(L) Cluster(A) Cluster(L)
é‘ Relative Relative Relative Relative T Relative Relative Relative Relative o« Relative Relative Relative Relative
Length % Length % Length % Length % « Length % Length % Length % Length % Length % Length % Length % Length %
Sudokol Nascar Fass
° m Original Code All Variables Removed ° W Original Code All Variables Removed M B Original Code All Variables Removed
N N N
& @ A
o 64 64 64 64 [ 16 [ 66 66 76 76
3 & 7 n 7 ] 28 21
Pl 2
0 S S ENN GRS N
o o 5
o o g
a a o
[
.g Largest Largest Qualifying  Qualifying .g Largest Largest Qualifying  Qualifying E Largest Largest Qualifying  Qualifying
._‘G Cluster(A) Cluster(L) Cluster(A) Cluster(L) g_".f Cluster(A) Cluster(L) Cluster(A) Cluster(L) K] Cluster(A) Cluster(L) Cluster(A) Cluster(L)
K] Relative Relative Relative Relative K Relative Relative Relative Relative K Relative Relative Relative Relative
Length % Length % Length % Length % Length % Length % Length % Length % Length % Length % Length % Length %
C2PC Lottery Interpreter

A-31



Appendix-A: Data from Various Analysis Techniques

Cluster Number Comparison (Original Code Vs All Globals Removed)

Detailed explanation for the graphs on this pages can be found in section 6.5.5, page 54.
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Appendix-A: Data from Various Analysis Techniques

Overall Decrease of Actual Area caused by global variable removal

Description for the graphs to follow in this section can be found in section 6.11, page 83.
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The graphs on this page
illustrate the distribution of
the global variables removed
according to the change they
caused to the actual Area of

the four types of clusters.

The graphs for each of the

cluster classifications show
the

global variables that resulted

number of removed
in a decrease or an increase
area for that
The
graphs also give the number

of the actual
cluster classification.
of global variables which did
not have any effect when
The
charts shows the distribution
of the
removed according to the

removed. frequency

global variables

percentage of reduction
caused to the actual
Although there were 320
global variables removed in

area.

total, the frequency charts
use a logarithmic scale in
order to enable visualization
of small numbers of variables
that were grouped together
the

same percentage reduction.

because they caused

On an average over the 4
cluster classification removal
of 230 variables showed a
decrease, 18 variables
showed an increase and 72
variables did not have any
effect on the actual area of

the cluster classifications.
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Appendix-A: Data from Various Analysis Techniques

Overall Decrease of Relative Area caused by global variable removal
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The graphs on this page
illustrate the distribution of
the global variables removed
according to the change they
caused to the relative Area of
the four types of clusters.

The graphs for each of the

cluster classifications show
the

global variables that resulted

number of removed
in a decrease or an increase
of the relative area for that
The

graphs also give the number

cluster classification.

of global variables which did
not have any effect when

removed. The frequency
charts shows the distribution
of the global \variables

removed according to the

percentage of reduction
caused to the relative area.
Although there were 320
global variables removed in
total, the frequency charts
use a logarithmic scale in
order to enable visualization
of small numbers of variables
that were grouped together
caused the

because they

same percentage reduction.

On an average over the 4
cluster classification removal
of 170 variables showed a
126
showed an increase and 24

decrease, variables

variables did not have any

effect on the relative area of
the cluster classifications.
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Appendix-A: Data from Various Analysis Techniques

Overall Decrease of Actual Length caused by global variable removal
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The graphs on this page
illustrate the distribution of
the global variables removed
according to the change they
caused to the actual length of
the four types of clusters.

The graphs for each of the
cluster classifications show
the number of removed
global variables that resulted
in a decrease or an increase
of the actual length for that
cluster classification. The
graphs also give the number
of global variables which did
not have any effect when
removed. The frequency
charts shows the distribution
of the

removed according to the

global variables

percentage of reduction
caused to the actual length.
Although there were 320
global variables removed in
total, the frequency charts
use a logarithmic scale in
order to enable visualization
of small numbers of variables
that were grouped together
because they caused the
same percentage reduction.

On an average over the 4
cluster classification removal
of 192 variables showed a
decrease, 22 variables
showed an increase and 106
variables did not have any
effect on the actual length of

the cluster classifications.
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Overall Decrease of Relative Length caused by global variable removal
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The graphs on this page
illustrate the distribution of
the global variables removed
according to the change they
caused to the relative length

of the four types of clusters.

The graphs for each of the
cluster classifications show
the

global variables that resulted

number of removed
in a decrease or an increase
of the relative length for that
The
graphs also give the number

cluster classification.
of global variables which did
not have any effect when
The
charts shows the distribution
of the
removed according to the

removed. frequency

global variables

percentage of  reduction
caused to the relative length.
Although there were 320
global variables removed in
total, the frequency charts
use a logarithmic scale in
order to enable visualization
of small numbers of variables
that were grouped together
the
same percentage reduction.

because they caused

On an average over the 4
cluster classification removal
of 154 variables showed a
142
showed an increase and 24

decrease, variables
variables did not have any
effect on the relative length
of the cluster classifications.
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Appendix-A: Data from Various Analysis Techniques

Overall Decrease in number of Qualifying Clusters caused by global variable removal
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The graphs on this page
illustrate the distribution of
global variables removed
according to the effect that
they have on the number of
The
frequency charts again show
the distribution of the global

variables removed according

qualifying clusters.

the amount of increase or
decrease in the number of
qualifying clusters caused by
the removal.

It was seen that on an
average removal of 17 global
variables decreased, 5 global
variables increased and 298
global variables did not have
an effect on the number of

qualifying clusters.

The overall conclusions drawn from the generalized characteristics study of global variables removed
and relevant discussion can be found in section 6.11, page 83 and section 6.12, page 84.
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Appendix — B

Source Code for developed Tool (GLOBMOD)

Chopper.ch

Modifyast.ch

B-1

B-3
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Appendix — C

Slice-Size Data Generation Script (Scheme Code)

MSG.stk

C-1
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Appendix - D

Automated Analysis Scripts (Excel Macros)

Setup for Data Sheet

Performs Calculations for Largest Cluster(L)

Clears Contents of Selected Sheet

Performs Calculations for Qualifying Clusters(L)
Calculates Data for Individual Analysis and Copies data
Resets the Template by Clearing All Work Sheets
Automates the calling of all the Separate Macros
Collects Data for Individual Variables and Combines them
Performs calculations for the Combine Data Sheet
Automates Numbering of the list of Global Variables
Performs Calculations for Largest Cluster(A)

Perform Calculations for Qualifying Clusters(A)

Perform Calculations for Original Data Vs All Globals Removed

D-3

D-4

D-7

D-7

D-8

D-11

D-11

D-12

D-14
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Appendix —E

Instruction set for Tool (ERLTOOLS + GLOBMOD)

Step 1:
Step 2:
Step 3:
Step 4:
Step 5:
Step 6:

Step 7:

Download ERLTOOLS
Installing ERLTOOLS

Edit ERLTOOLS Configuration
Compiling ERLTOOLS
Installing GLOBMOD
Compiling GLOBMOD

Running GLOBMOD
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Appendix-E: Instruction set for Tool (ERLTOOLS + GLOBMOD)

Please Note: It is assumed that the installation is being carried out on a machine running Windows
XP and Visual Studio 2005 already installed.

ERLTOOLS can be downloaded as free software under the GNU licence from the following link:
http://www.ibiblio.org/pub/Linux/devel/lang/c/erltools-4.0.1.tar.qz

e (Create empty directory c:\erltools

e Place the downloaded uncompressed files in c:\erltools

e Uncompress the downloaded file

e Create empty directory c:\outils

e Place both folders in the system path for the operating system

e Open the file c:\erltools\makefile.der and make the following changes:
o Comment out all Linux Commands by placing a ‘#’
= Place '#' before line 2, 3, 12 and 37.
o Activate all Visual Studio 2005 Lines by removing ‘#
= Remove '# presentin the beginning of lines 5, 6, 34 and 39.
e Open the file c:\erltools\makefile.inc make the following changes:
o Comment out all Linux Commands by placing a ‘#’
=  Place '#' before line 2, 3, 12 and 37.
o Activate all Visual Studio 2005 Lines by removing ‘#
= Remove '# present in the beginning of lines 5, 6, 34 and 39.

e Open MS-DOS Console and at the command prompt type he following:
o cdc:\erltools
o c:\erltools> vevars32
o c:\erltools> nmake -f makefile.vis
o c:\erltools> nmake -f makefile.vis all install

e (Create empty directory c:\globmod

e Uncompress the GLOBMOD installation file provided as a part of the artefacts of this project
into c:\globmod

e (Create empty folder c:\globmod\APP

e (Create a file c:\globmod\APP\remove.var

e Open MS-DOS Console and at the command prompt type he following:
o cdc:\erltools
o c:\erltools> vevars32
o c:\erltools> nmake -f makefile.vis



Appendix-E: Instruction set for Tool (ERLTOOLS + GLOBMOD)

Step 7: Running GLOBMOD

e Copy the original C/C++ to be modified into the directory c:\erltools\globmod\APP
e Update the file remove.var with the names of globals to be removed.
Please note that the tools is case sensitive and names of global variables to be removed have
to be exactly the same as they appear in the original code. Please put name of each global
variable on a separate line ensuring no blank lines or white spaces between them.
e Open MS-DOS Console and at the command prompt type he following:
o cdc:\erltools
o globmod APP\modified_file_name >APP\input_file_name
[Here the modified_file_name is the name you would like to give to the modified
version of the code and input_file_name is the name of the file which is to be
modified.]

The following files will be output by the tool in the directory c:\erltools\globmod\APP :
o file.cpp.AST - AST of the original source code before.
o file.cpp.Modified_AST - AST of the modified version of the source code.
o file.cpp.Pretty - Pretty printed source of the original source code.
o file.cpp.Modified - Pretty printed source of the modified version of the source code
e line_source — Original codes of line which were found to have occurrences of the global
variable(s) being removed.

e line_update — The modified version for the lines of code that were changed after the global
variables is removed.

Further details regarding the implementation of the tool has been discussed in Section 5.4, page 27
of the report.
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Appendix —F

Instructions for Slicing

Step 1: Installing the Scheme API File
Step 2: Running the slicer to obtain Slice Size Data

Step 3: Slice Data Output Format
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Appendix-F: Instructions for Slicing

Please Note: It is assumed that the user already has code surfer installed and running on the
machine and is familiar with how to analyze C/C++ source code using code surfer projects.

Step 1: Installing the Scheme API File

The scheme code that was used to enable the use to Code Surfer API to enable slicing of code in
order to obtain the slice size has been detailed in section 5.7, page 38 of the report. The actual code
can be found in Appendix — C of this report. The code has been also submitted as a part of the
artefacts submitted for this project.

To install the scheme file to work with code surfer needs to be already installed on the machine.
Copy the msg.stk file from the artefacts submitted into the directory $CSurf\etc. Where SCSurf is
the installation directory for Code Surfer.

Step 2: Running the slicer to obtain Slice Size Data

To perform slicing on a particular a code, the project for that program needs to be open in code
surfer. The following steps need to be performed to obtain the slice data for that code.

e Open console by clicking on Project in the tool bar of Code Surfer GUI and then selecting
console. Figure on the left shows how console may be selected and the figure on the right
shows a console open in code surfer.

GO Edt Queries Go Todks Window Help
Open Project... Alt+o ? ] éah
Open Recent v ig J ) e
Rename Project s
Project Seftings...

Import Praject 3
Build With Command.

Page Setup
Print

Preferences Go Window Help

Find Alt
C:\Ieraph " 3 E @ *

Log 5Thk= (load "rmso. st
(e pri-vertex-b-slice-source-numherofierex "out.bd"]

auit Alteg

e Once the Console is open the following command needs to be typed to start the slicing
process.
o (load "msg.stk")
o (ex:prj-vertex-b-slice-source-numberofvertex "filename")
Where filename is the name of the file where code surfer will output the slice data.

Step 3: Slice Data Output Format

On completion of Step 2 Code Surfer will start slicing the program and collecting the slice size data.
The Code Surfer GUI would show visualizations connected to the slicing being performed. It should
be noted that slicing large programs with high dependencies can take a long time. Once Code Surfer
has completed the slicing process it will output the slice sizes into the file specified by filename in
step two. This file will be placed in the same folder as that of the Code Surfer Project that is being
dealt with.

F-1



Appendix-F: Instructions for Slicing

The data output to the file would just be a list of numbers showing the slice sizes. A sample of such

an output file is shown below:

File Edit Project

> g |

E1 out.bxt

1
876
876
Z
876
876
1
876
876
876
Z
a77
a77

It should be noted that the slice sizes are not sorted and will need sorting before an MSG from them

can be created. The sorting is done using EXCEL automated analysis macros developed which will be

detailed in Appendix-G of the report.
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Appendix — G

Instruction set for Automated Analysis Template

Step 1: Copying the file Template
Step 2: Setting up the Excel Template
Step 3: Copying Slice-Size Data

Step 4: Running Automated Analysis

Step 5: Understanding the Results
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Appendix-G: Instruction set for Automated Analysis Template

Step 1: Copying the file Template

The Excel template file which can perform automated analysis of the dependence clusters is
provided in the artefacts submitted for the project.

The task would be to copy the template to a suitable location on the machine and renaming it with
the name of the program that is being analyzed.

Step 2: Setting up the Excel Template

The list of global variables of the program that is being analyzed needs to be copied into the Excel
file before analysis can be done. The first worksheet of the file is called “Details” and it holds the key
index for all the global variables removed. It is already preset with the values “Original”, “Pretty” and
“All” which represent the versions of the original code, pretty printed code and the version with all
globals removed from it respectively.

The first step is to copy list of all the global variables and

Sheet Variable Name . R . .
combinations of variables that were removed into the

1

2 Original  Original

3 ety Pretty column called “Variable Name” following the preset names.

4 Al Al For example if a program had to variables “A” and “B” that

5 A .

. ] were removed then the worksheet should look like the
diagram on the left after inputting the list.

1 sheet Variable Name Once the list has been entered the Macro called

2 |Original Original “ ” . .

3 ety prety enumerate” needs to be run, which would just enumerate

4 Al Al the list of variables with numbers as shown in the figure on

5 1A

6 28 the left.

Step 3: Copying Slice-Size Data

In the enumerated diagram above it can be seen that there is a sheet name next to each variable
that has been removed. The data corresponding to removal of that particular variables needs to be
copied into the corresponding worksheet. For example the data for original code should be put in
the worksheet called Original whereas, the slice size data collected after removing global variable
“A” should be put in “sheetl”. The following figure shows the sheet names in the case of this
example:

Original .~ Pretiy Al 1| 2 %1

The presets Original corresponds to slice size data from original version of code, Pretty corresponds
to slice size data from Pretty printer version of code and All corresponds to version of code which
had all the globals removed from it.
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Appendix-G: Instruction set for Automated Analysis Template

The slice size data needs to be copied into the first column of the corresponding excel sheet and
would need to be sorted by using excel Sort Marco. The following figures demonstrate how a set of
data may appear initially and after sorting in ascending order.

A A
1 2 1 1
2 4 2 2
3 1 3 3
a 5 4 4
5 3 5 3

Initial Copied Data: After Sorting:

Once the data for each of the variables removed has been entered into the corresponding
worksheet and sorted the copying process of data is complete.

Step 4: Running Automated Analysis

The Excel file contains several Macros as shown in Appendix-D that are used for various forms of
clustering calculations and analysis. To make it convenient for the user a Macro was defined that
calls all the required Macros in the appropriate order to perform the entire analysis.

The Macro called “Complete_Processing” needs to be run. This Macro will then combine all the data
present in the separate worksheets and perform the analysis techniques laid out in this report to
obtain results shown on graphs.

The analysis process may take a long time depending on the amount of data that is being analyzed.

Step 5: Understanding the Results

Once the analysis is completed the results of the analysis is displayed in 6 different worksheets
according to their relationship. Each predefined worksheet in the template excel file will output one
category of data which will be briefly outlined here according to the name of the worksheet:

e Details- This worksheet contains the list of global variables that were removed and shows
the number of variables removed.

e Data — The worksheet data contains the data that is combined from all the separate
worksheets. It will also show calculations carried such as number of clusters, size of clusters
and area of clusters and so on.

e Largest Cluster(Area) — This worksheet contains data about the changes to the Largest
Cluster(A) due to each removal. It shows the changes to the area, length, relative area and
relative length due to removal of each global variable separately. The graphs for the 6
different analysis techniques that can be performed on this type of cluster are also shown in
this worksheet.

e Largest Cluster(Length) — This worksheet contains data about the changes to the Largest
Cluster(L) due to each removal. It shows the changes to the area, length, relative area and
relative length due to removal of each global variable separately. The graphs for the 6
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Appendix-G: Instruction set for Automated Analysis Template

different analysis techniques that can be performed on this type of cluster are also shown in
this worksheet.

e Qualifying Clusters(Area) — This worksheet contains data about the changes to the
Qualifying Clusters(A) due to each removal. It shows the changes to the area, length, relative
area and relative length due to removal of each global variable separately. The graphs for
the 7 different analysis techniques that can be performed on this type of cluster are also
shown in this worksheet.

e Qualifying Clusters(Length) — This worksheet contains data about the changes to the
Qualifying Clusters(L) due to each removal. It shows the changes to the area, length, relative
area and relative length due to removal of each global variable separately. The graphs for
the 7 different analysis techniques that can be performed on this type of cluster are also
shown in this worksheet.

e All Removals — This sheet contains the analysis used to compare the original version of code
and the version which has all the globals removed. There are 5 analysis techniques that were
used to compare these two versions of code with one another. The graphs for the
techniques are also present in this worksheet.

It should be noted that the worksheet “All Removals” also contains that relative difference
graphs that can be used to ascertain the level of global dependence in the program. As part of
the efficient algorithm process the template may be only filled with the data for the original
version of code and the version with all global variables removed to categorize the program
under the global dependence criteria and to ascertain whether further investigation of the
programs dependence structure is worthwhile.
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