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Abstract

Software Testing is the process of executing a software system to determine whether it
matches its specifications when executed in its intended environment. It is an important
process of accessing the software to determine its quality. Test case generation is a
method to generate test cases to make comparative analysis of actual outcome to
predicted outcome. The graphical methods provide the structural representation of the
system that facilitates testing the logical development of the program. There are many
graphs such as Control Flow Graph (CFG), Program Dependence Graph (PDG), Class
Dependence Graphs(CIDG), System Dependence Graph(SDG), etcthat can represent
various features like single/multiple procedures, flow/context sensitivity, inheritance,

polymorphism and so on.

Each of these graphs represents some unique features/parameters like CFG represents
flow of control between statements of a program, SDG represents method calls between
multiple procedures and so on. The comparative analysis of these graphical techniques
can be done on the basis of these features.
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Chapter 1

Introduction

Software testing is the process of executing a software system to determine whether it
matches its requirement specification when executed in its intended environment. It is a
procedure which encompasses a wide spectrum of different activities like testing of a
small piece of code by the developer, to the validation of a large information system by
the customer. The testing activity should be carried out according to a formal procedure
in which rigorous planning and documentation is alsorequired. Testing is one of the
oldest forms of verification. The ultimate goal of software testing is to construct systems

with high quality.
1.1 Software Testing Terminologies

1.1.1 Test Case Generation: A test case is a well-documented procedure designed to test
the functionality of a system feature. The primary purpose of designing a test case is to
find errors in the program behavior. Test Case Generation is a method to generate test
cases which provides description of a test, independent of the way a given system is
designed. Every form of test generation uses a source document and in the most informal
of test methods, the source document resides in the mind of the tester who generates tests
based on the knowledge of the requirements. In more advanced test processes,
requirements serve as a source for the development of formal models. In the various
stages, the test cases could be devised aiming at different objectives, such as exposing
deviations from user’s requirements or assessing the conformance to a standard

specification [1].

To demonstrate the test case generation procedure, consider an example in which three
sides of a triangle are given as integers X, y, and z and it is desired to have a program to
determine the type of the triangle that whether it is an equilateral or an isosceles or a
scalene. The behavior (output) of the program depends on three integer values given as

sides. The constraints set for above scenario can be divided into the four categories.



C1: The values of x, y and z are integers.

C2: Each input contains exactly three values namely x, y and z.

C3: The values of x, yand z are greater than zero.

C4: The length of the longest side is less than the sum of the lengths of the other two

sides.

Test Set for C1 and C2: In first category, a decimal value or a string value will be entered
when an integer value is needed, it will normally give rise to an exception resulting in the

termination of the program. In category two, wrong number of inputs will be provided.

Test Set for C3: Although this third category refers to all three input variables with
independent situations. To guarantee that each invalid situation is checked independently,
invalid test sets should be recognized for each of the variables having a non-positive

value:

1L.{(X,y,2)|x<0,y,z>0}
2.{(x,y,2)|y<0,x,z>0}
3.{(x,y,2)|z<0,x,y>0}

Test Set for C4: For the fourth category, the relative sizes of the values are important.
However, each one of the three variables can be the one that has the largest value
(corresponds to the longest side). Thus, three more invalid test sets can be generated as:

4.{(x,y,2) | x>y, x>z, x>y +2z}

5.{X,y,2)|ly=x,y>z,y=x+2}
6.{(X,y,2)|z>%X,2>y,z>x +Vy}

In above mentioned example, the program produces different output for each of the three
different types of triangles. A valid triangle is called equilateral if all three sides are
equal, isosceles if exactly one pair of sides is equal, and scalene if none of the sides are
equal. This yields five valid test sets for valid data one for equilateral, three for isosceles,

depending on which pairs of sides are equal and one for scalene:

7.{(x,y,2) |[x=y =12}
8.{(x,y,2) | x=y,z#x}



9.{(x,y,2) |y =12z,x#y}
10.{(x, ¥, 2) [x=2,y #x}
11.{(x, y, 2) | X 2y, y #2, X #2}

Thus, we have 11 test sets that represent 11 different scenarios where integer values have
been provided to all three sides of a triangle. For each of these test sets, we need to
generate at least one test case to ensure that the program can handle the data values from

the test set correctly.

1.1.2 Test Execution Automation: Test Automation is the use of the software to
control the execution of tests where the comparison of actual outcomes to predicted
outcomes has been performed. It automates the setup and running of tests that have been
either automatically or manually generated. Test execution automation is a mandatory
prerequisite to test design automation. It is also a fundamental precondition to any kind of

regression testing.

1.1.3 Testing Activities: Testing incorporates four activities as shown in Fig 1.1[2].

...
([ ]

Corrected Errors

Debug Program (In case of failure)

Design Test Suite

Fig 1.1 Path for Testing Activities

1) Test Suite Design: The set of test cases using which a program is to be tested.
2) Running test cases and checking results: Each test case is executed and the results
are compared with the expected results. A mismatch between the actual result and

expected result indicates a failure.



3) Debugging: For each observed deviation in the previous activity, debugging is
carried out to identify the statements that results an error.

4) Error Correction: After locating the error, the code is appropriately amended to
rectify the incorrectness.

1.20bject-Oriented Concepts

The advent of Object-Oriented programming has brought numerous blessings to all the
aspects of software design and development, but it has not reduced the need for testing.
Reusable components should be tested more than software fragments and used only
within a single system. Object-Oriented programming has many useful features such as
information hiding, encapsulation, inheritance, polymorphism and dynamic binding.
These object-oriented features facilitate software reuse and component-based

development.
1.2.1 Testing Object—Oriented System

One important issue in Object-Oriented programming is how to test Object-Oriented
software. Postponing testing towards the end of Software Development Life Cycle
(SDLC) should be avoided. It should start at reasonable points in analysis and design

phases. This will help to uncover problems early in the development process.

As shown in Fig 1.2, the three levels of testing Object-Oriented software were suggested

namely Unit testing (or method level), Integration testing and System testing [3, 4].

e Unit testing: This focuses on the testing of individual method in a class. It ensures
statement coverage, decision coverage and path coverage. Statement coverage
implies that all statements have been traversed atleast once. Decision coverage
implies that all conditional executions have been traversed and path coverage
ensures the execution of true and false parts of the loop. Before carrying out unit
testing, the unit test cases have to be designed and the test environment for the

unit under test has to be developed.



System Testing

Integration Testing

Unit Testing

Fig 1.2 Levels of Testing Object-Oriented Software

Integration Testing: This testing is carried out after all the modules have been unit
tested. The objective of the integration testing is to detect the errors at the module
interfaces. For example, it has to be checked that no parameter mismatch will
occur when one module invokes the functionality of another module. During
integration testing, different modules of a system are integrated in a planned
manner using an integration plan. After each integration step, the partially

integrated system is tested [4].

As shown in Fig 1.3, there are three different strategies for integration testing of

Obiject-Oriented systems [5]:

v Thread-based testing: It integrates the set of classes required to respond to
one input or event for the system. Each thread is integrated and tested

individually.

v Use-based testing: It begins the construction of the system by testing those
independent classes that are very few of server classes. After the
independent classes are tested, the next layer of classes, called dependent

classes, that use the independent classes are tested.

v Cluster testing: It includes a cluster of collaborating classes which is
exercised by designing test cases that attempt to uncover errors in the
collaborations.



Thread-based
testing

~

Integration W Use-based
Testing testing
Cluster
testing

Fig 1.3 Integration Testing Strategies

e System Testing: After all the units of a program have been integrated together and
tested, system testing is taken up. System tests are designed to validate a fully
developed system to assure that it meets its requirements. As shown in Fig 1.4,

there are four different strategies for system testing.

v Recovery testing indicates how well does the system recover from faults.

v’ Security testing verifies that whether protection mechanisms built into the
system will protect from unauthorized access or not.

v’ Stress testing checks for any abnormal load on the system.

v' Performance testing investigates the run-time performance of an integrated

system [4].

Performance
testing

Recovery ‘ _?_yst_em ' Security
esting

testing testing

Stress

testing

Fig 1.4 System Testing Strategies



1.3 Graphical Methods
A graph G = (N, E) is defined as a finite set of nodes N and a finite set of edges E. The

graphical methods provide the structural representation of the system that facilitates

testing the logical development of the program [6].

A dependence graph represents program features and dependencies between many
objects. There are many dependence graphs such as Data Flow Graph (DFG), Program
Dependence Graph (PDG), System Dependence Graph (SDG), Extended System
Dependence Graph (ESDG), Call- based Object-Oriented System Dependence Graph
(COSDQG), etc. For example, Figure 1.5 represents a dependence graph where edges
between nodes A, B, C, D and E are representing dependence relationships. For each
edge in the graph, the node (statement) at the tail of the edge must complete its execution
before the node at the head may begin. For example, before node C should execute, nodes

A and/or B must complete their execution.

Fig 1.5 Dependence Graph [61]
1.3.1 Control Flow Graph (CFG)

A control flow graph describes the sequence in which the instructions of a program will
get executed. A CFG (or flow graph) G is defined as a finite set of nodes N and a finite

set of edges E where an edge (i, j) in E connects two nodes n; and njin N. In a flow graph



of a program, each basic block becomes a node and edges are used to indicate the flow of

control between blocks.

For example, in Fig 1.6, blocks (nodes) are labeled such that block b; corresponds to node
ni. An edge (i, j) connecting basic blocks b; and b; implies that control can go from block
bi to block b; [7].

(i, J)

bj Block of statements

®—> b; Block of statements

Fig 1.6 Block/Node representing set of statements

Most of the programs are constructed with the three types of constructs namely sequence,
selection and iteration. Fig 1.7 summarizes how the CFG for these three types of
constructs can be drawn. The CFG representation of the sequence and decision types of
statements is straightforward. For the Iteration type constructs such as the while
construct, the loop condition is tested only at the beginning of the loop and therefore

control flows from the last statement of the loop to the top of the loop [2].

Sequence: Selection: Iteration:
1.a=5; 1.if(a>b) 1.while(a>b){
2.b=a*2-1 2.c=3; 2.b=b-1;
3.else c=5; 3.b=b*a;}
4. c=c*c; 4.c=a+b; a<=b

a>b

@4_.

Fig 1.7 CFG for Sequence, Selection and Iteration type of constructs [2]




Consider an example program in Fig 1.8(a), where x and count are integer variables. The
while loop will run until the value of count is greater than zero and if the value of x is
smaller than 20, then the value of x will be incremented by 1. If the value of x is not
smaller than 20, then the value of count will be decremented by 1. The Control Flow
Graph of this program appears in Fig 1.8(b). The node start is the only entry node and the

node stop is the only exit node of the given Control Flow Graph.

1. class Example
2. {
3. public static void main(String args[ ])
4. {
5. int x=10, count=>5;
6 while(count>0)
7. A
8 if(x<20)
9 X=X+1,
10. count=count-1,
1.  }
12. }
13. }
(a)

(b)
Fig 1.8 (a) An Example Program (b) Control Flow Graph of example program

Considering another example for CFG in Fig 1.9(a), the code snippet present will take
two integers x and y as input parameters. There are total of 16 lines in this program
including start and stop. The execution of the program begins at line 2 and moves through
lines 3 and 4 to line 5 containing an if statement [8]. Considering that there is decision at
line 5, control could go to one of the two possible destinations at lines 6 or 8. Thus, the

sequence of statements starting at line 2 and ending at line 5 constitutes a basic block. Its



only entry point is at line 2 and the only exit point is at line 5. As shown in Fig 1.9(b), the

program contains a total of nine blocks numbered sequentially from 1 to 9.

1. Start
2. intXx,y, power;
3. float z; Block |Lines Entry Point |Exit Point
4. input (x, y); 1 2,345 2 5
5. if(y<0) 2 6 6 6
6. power=-y;, 3 8 8 8
7. else 4 9 9 9
8. power=y; 5 10 10 10
9. z=1; 6 12,13 11 14
10. while (power!=0) 7 15 15 15
114 8 16 16 16
12, z=7*x; 9 17 17 17
13.  power=power-1;
14.}
15. if(y<0)
16. z=1/z;
17. output(z);
18. Stop

(@) (b)

Fig 1.9 (a) An Example Program (b) Basic Blocks of the Program [8]

Fig 1.10(a) depicts the control flow graph with statements in each block and in Fig
1.10(b), a circular node will represent the set of statements as represented by the
rectangular block in Fig 1.10(a).

1.3.2 Control Dependence Graph

Control Dependence Graph shows dependencies between statements with the help of
control conditions. As shown in Fig 1.11, for statements X, Y, Y’ and Z in a program, if
Y is control dependent on X, then X must have two exit paths where one of the exit paths
always results in the execution of Y and the other exit path may result in Y’ (where Y

will not be executed) [9].

10



<>

intx,y, power; Q

float z;

input (x,y);

o@gge
\ 4

power = -y power =y G
% z=1,; 4—/
! .

while (power!=0)

v

Z =7*X;
power =power-1;

if (y<0) |«
\
v z=1/z;
output(z)
(a) (b)

Fig 1.10 CFG of a program (a) Block representing set of statements (b) Nodes
representing set of statements [8]

()

Fig 1.11 Control Dependence Graph

Consider an example program in Fig 1.12(a), which consists of statement 1 to statement

9. u() and v( ) are two methods. The while loop will execute till the value of n will be

11



greater than zero. If the value of variable x will be greater than zero, then variable b will

be assigned the value of variable a else variable ¢ will be assigned the value of variable b.

Fig 1.12(b) represents Control Dependence Graph of the example program. Statement 1,
2 and 9 are control dependent on Start of the program. Statement 3 and 4 are control
dependent on statement 2 and similarly, statement 5 and 7 are control dependent on

statement 4. Control dependency is represented with regular arrow lines in the graph.

a=u();
while (n>0) { Start
x=v();
if(x>0)

else. e e @
- ® W

©J0
(a) (b)

Fig 1.12(a) An Example Program (b) its Control Dependence Graph [63]

©OoNSOhRALODNbDRE
o
[
2

1.3.3 Data Dependence Graph

Data Dependence Graph represents flow of data from one statement to another statement.
As shown in Fig 1.13, for two statements X and Y in a program, Y is data dependent on
X, if X defines a variable v, Y uses v, and there exists a directed path from X to Y along

which there is no intervening definition of v [9].

int v=10;

VvV =V+]1;

Fig 1.13 Data Dependence Graph

12



Fig 1.14 represents Data Dependence Graph of the example program given in Fig 1.12(a).
Statement 5 is data dependent on statement 1, statement 4 is data dependent on statement
3, statement 7 is data dependent on statement 5 and statement 9 is data dependent on

statement 7. Data dependency is represented with dotted arrow lines.

ONONO

1
I
I
|
\ { !
\ \~_/ 1
\ 1
AN 7
~
\ A
- 1
~ 7/

———

Fig 1.14 Data Dependence Graph of example program in Fig 1.12(a) [63]

1.3.4 Program Dependence Graph (PDG)

In Program Dependence Graph, the nodes will represent statements and predicate
expressions. The edges incident to a node represents data values and the control
conditions [10]. A PDG represents both control dependence and data dependence in a
single graph. It consists of vertices and edges where vertices represent the program

statements and edges represent the data dependency and control dependency [11].

Control dependency edges are labeled either true or false and the source of a control
dependency edge is always the entry vertex or a predicate vertex. A control dependence
edge from vertex v1 to vertex v2 means that during execution, whenever the predicate
represented by v1 is evaluated and its value matches the label on the edge to v2, then the
program component represented by v2 will be executed. A data dependency edge from
vertex vl to vertex v2 means that the program’s computation might be changed if the

relative order of the components represented by v1 and v2 are reversed.

A program dependence graph contains a flow dependency edge from vertex vl to vertex

v2 iff all of the following conditions hold [10, 11]:

13



e vl isavertex that defines variable x and v2 is a vertex that uses x.
e Control that reach v2 after vl through an execution path in which there is no

intervening definition of x.

Consider the program given in Fig 1.15 where the code fragment is used to calculate the
factorial of a number [62]. The execution of statements 11 and 12 is dependent on the
control predicate at statement 9. The statement 11 is data dependent on statements 7,8, 12
and itself. Fig 1.16 represents the corresponding Program Dependence Graph of the
program given in Fig 1.15, where control dependence edges are represented as bold lines
and data dependence edges are represented by light colored regular lines.

class Factorial

{

public static void main(String args[ ])
{

int fact;

intn;

n =4,

fact=1;

while (n 1= 0)
10. {
11. fact=fact * n;
12. n=n-1;
13. }
14. }
15. }

CoNoO~LWNE

Fig 1.15 A Sample Java Program to calculate factorial of a number [62]

fact=fact*n

Fig 1.16 The Program Dependence Graph corresponding to the program in Fig 1.15 [62]
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1.3.5 System Dependence Graph (SDG)

The System Dependence Graph (SDG) is an extension of the Program Dependence Graph
(PDG) and represents a program that consists of multiple procedures and involves
procedural calls. SDG includes a Program Dependence Graph to represent a system’s
main program, Procedure Dependence Graphs to represent a system’s auxiliary

procedures and some additional edges to interconnect these graphs [9].

Each Procedure Dependence Graph contains an entry vertex that represents entry into the
procedure. To model parameter passing, SDG associates each procedure entry vertex
with formal-parameter vertices namely a formal-in vertex for each formal parameter of
the procedure and a formal-out vertex for each formal parameter that may be modified by

the procedure [13].

SDG associates each call-site in a procedure with a call vertex and a set of actual-
parameter vertices with an actual-in vertex for each actual parameter at the call-site and
an actual-out vertex for each actual parameter that may be modified by the called
procedure. A call edge connects a call vertex to the entry vertex of the called procedure’s
dependence graph. Parameter-in and parameter-out edges represent parameter passing.
Parameter-in edges connect actual-in and formal-in vertices and parameter-out edges
connect formal-out and actual-out vertices [12].

public static void main(String args[])
{

inti=1;

int sum = 0;

while (i<11) {

sum = add(sum, i);

i =add(i, 1); }
System.out.printIn(sum =\n" + sum);
System.out.printin("i =\n" + i);
¥
static int add(int a, int b)

{

return (a+b);

}
Fig 1.17 An Example Program [70]
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Fig 1.17 depicts a program to find sum of numbers from 1 to 10. This program uses two
methods namely main( ) and add( ) [70]. Fig 1.18 shows the System Dependence Graph
of this program representing the flow within two methods. As the Program Dependence
Graph can only represent the flow in a single procedure but System Dependence Graph is
able to represent multiple procedures.

legend

control
data

Fig 1.18 The System Dependence Graph of the example program in Fig 1.17 [70]

1.int main() 11. int func(int a, int b, int c)
2.{ 12.{

3. intsum; 13. c=c+1;

4. intx; 14, if(c==4){

5. inty; 15. c=4*c;

6. Xx=4; 16. return c;

7. y=6; 17. }

8. sum=func(x,y,4); 18. a=a+gc;

9. sum=sum+1; 19. return g;

10. } 20.}

Fig 1.19 An Example Program [62]
Consider the program presented in Fig 1.19, that consists of two functions namely main()

and func( ) [62]. In method named main( ), statement 3, 4, 5, 6, 7, 8 and 9 are control
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dependent on entry node (Statement 1). There are three actual-in parameters namely X, y
and 4 which are control dependent on statement 8. Actual-in parameters x and y are data
dependent on statement 6 and 7 respectively. The call from statement 8 is going to
statement 11. In method named func( ), statement 13, 14, 18 and 19 are control dependent
on statement 11. There are three formal-in parameters namely a, b and c. There are
parameter-in edges going from actual-in parameters to formal-in parameters. Also,
statement 15 and 16 are control dependent on statement 14. Statement 14, 15 and 18 are
data dependent on statement 13. Statement 18 in program will be executed, if and only if,
the return statement at line 16 is not executed. Therefore, statement 18 is control
dependent on statement 14 (the return statement’s control predicate). Figure 1.20 presents

the System Dependence Graph of the program that is shown in Fig 1.19.

A |

Actual-In
= X

o
=

>
@fhw
oV

S %,

Control —— Affect-Param ——f——> Par -In =
Flow _— Return-Control - -----= =g Parameter-Out ——@—=
Call — Return-Link —_— Transitive —x—>

Fig 1.20 The System Dependence Graph corresponding to the program in Fig 1.19 [62]
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1.4Thesis Layout

The rest of the thesis is organized in the following manner:

e Chapter 2 reviews the related work done in the area of various graphical methods
used in test case generation along with their advantages and disadvantages.

e Chapter 3 specifies the concise problem statement.

e Chapter 4 describes the methodology of work conducted.

e Chapter 5 provides experimental results of the work done.

e Chapter 6 gives the conclusion of the thesis with the future scope of the topic.
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Chapter 2

Literature Survey

2.1  Graphical Methods

The graphical methods give the structural representation of the system that facilitates
testing the logical development of the program. It also partitions the system into a
number of smaller subsystems from the structural description [3]. Test case generation is
a method to generate test cases where a test case is a description of a test, independent of
the way a given system is designed. Several researchers have proposed different
techniques to generate test cases and in most of the approaches proposed so far, either the
source code or the object/byte code is used to build the data structures for test case
generation. Some of the approaches use some form of flow graph or call graph to
represent the different features of a program and to generate test cases. Ferguson and
Korel [14] divided these methods in three classes: random, path-oriented, and goal-

oriented test data generation.

The selection of a path can largely affect the whole process of test data generation. Till
date various graphical methods are proposed in the field of software testing. Work in this
area of test case generation started in the year 1982. As the years passed by, the industry
started realizing the benefits of using graphs in test case generation new models and
approaches came up. Taking into consideration various ideas put forth by the industry
and academicians, major focus of this literature is to provide review of all the graphical
approaches used for the test case generation by providing a chronological sequence of all

the research activities done in this area starting from year 1982 till date.

2.2 Test Case Generation
2.2.1 Using Def-Use Graph

The def-use graph is a program graph for representing the status of a variable. It consists
of a set of variable definitions, computations and predicative uses assigned to each node

and edge. Fosdick and Osterwall proposed data flow graph for automatic error detection
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and data flow analysis in software reliability [15]. Rapps andWeyuker presented a control
flow criteria i.e. All-Paths (path coverage), All-Edges(branch coverage), and All-Nodes
(statement coverage). The All-Paths criterion requires that a path set contain every path
through a def-use graph. The All-Edges and All-Nodes criteria require that a path set
cover every edge and every node respectively [16, 17]. The authors have also created the
def-use graph by associating a set with each edge and two sets with each node where
def(i) is the set of variables with global definition in node i, c-use(i) is the set of variables
with global c-use in node i and p-use(i,j) is the set of variables for edge (i,j) containing p-

use. A family of path selection criteria was also introduced which is shown in Fig 2.1

All-Paths

!

All-DU-Paths

}
/ Um\

All-C-Uses/Some-P-Uses All-P-Uses /Some-C-Uses
All-Defs
All-P-Uses
All-Edges

!

All-Nodes

Fig 2.1 A family of path selection criteria [16]

Clarke et al. proposed a new family of path selection criteria with some modifications in
the family proposed by Rapps and Weyuker. The authors compared the strengths and
weaknesses of both the families and suggested minor changes to improve their
performance [18]. But the authors did not implement fault detection capabilities. Souter
and Pollock proposed Points-To-Escape graph for the construction of contextual def-use
associations for object oriented programs [19]. The researchers used a prototype testing
framework for structural testing and object flow analysis. Vincenzi et al. introduced def-
use graph (DUG) for control and data flow analysis at intra-method level [20]. The
authors also developed a tool JaBUTi (Java Bytecode Understanding and Testing) for

coverage analysis and structural testing of Java programs using def-use graph.
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2.2.2 Using Control Flow Graph (CFG)

A control flow graph is a directed graph where nodes represent the basic blocks and the
edges represent control flow paths [21]. Frankl and Weyuker introduced control flow and
data flow testing criteria for programs written in Pascal and also defined a new family of
adequacy criteria called feasible data flow testing criteria which is derived from the data

flow testing criteria [22].

Agrawal proposed branch coverage and testing of programs to find subsets of nodes and
edges in a flowgraph [23]. The author introduced dominator relationships among
superblocks which are used to identify a subset of the super blocks and these techniques
reduce object code size, runtime overhead and cost of coverage testing of programs.
Dominator relationships were represented using Block Dominator Graph and Edge
Dominator Graphs. The author proved the effectiveness of his technique by incorporated
them into a prototype tool SPYDER which provides dynamic program slicing facilities
for C programs. The author also presented a technique to find a small subset of a program
statements and decisions with the property that covering the subset implies covering the
rest [24]. The author also presented algorithm to construct Global Dominator Graph
which shows dominator relationships among mega blocks at inter-procedural level.
Global dominator graph is the combination of block dominator graphs. Inter-procedural

jump statements are also handled using this graph.

An EventGraph is a control flow graph of a program unit and interactions are represented
between the program units such as procedures and functions. The Event InterActions
Graph (EIAG) is used as a model for concurrent programs and it consists of Event
Graphs and Interactions. Katayama et al. proposed a method for structural testing of
concurrent programs written in Ada programming language for test case generation and
executionof the programs [25]. Fig 2.2(a) shows a sample program in Ada language and
its corresponding EIAG is shown in Fig 2.2(b). After generating test-cases on the EIAG,
a method for selecting test-data has described. The measures to cope with the infeasible
test-cases are generated and clarified. The authors have solved the non-deterministic

execution problem of concurrent programs by inserting synchronization points in the
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source code. They have also implemented the tool TCgen (Test-Case generator written in
Ada language) that automatically generates copaths, which are test-cases for a concurrent

program.

procedure sample is
task T1;
task T2;
task T3 is
entry El;
entry E2;
end;

task body T1 is
0 begin
1 3.E1;
-1 end T1;

task body T2 is
begin

!
091%.E2;

end loop;
end T2;

task body T3 is
begin
loop
select
accept E1;

| wo=o
p5

or
accept E2;
end select;
end loop;
end T3;

|l oves womo

-

begin
null;
end sample;

(a) (b)

| mo
-

Fig 2.2(a) A sample program in Ada language (b) its EIAG [25]

Edvardsson presented a survey on automatic test data generation using control flow graph
[26]. The author described basic notions and concepts of test data generation and how a
test data generator system works. The author also identified and explained some
problems of automatic generation. Martena et al. implemented a system to generate test
cases using CFG for inter-class testing [27]. The shortcoming of this technique is that it

does not accept code with inheritance, polymorphism and exception handling.

A Class Specification Implementation Graph (CSIG) is a graphical representation which
shows a class from two distinct perspectives, namely the class as specified and the class
as implemented. In this graph, each class method is represented by two control flow
graphs where one graph visualizes at control flow as specified and other graph at control

flow as implemented. Beydada and Gruhn presented the application of CSIGs in
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regression testing. The control flow graphs are the main constituents of a CSIG and
therefore testing techniques implemented on control flow graphs can also be combined
with CSIGs with some modifications. A test suite reduction strategy has been
incorporated to the CSIG construction algorithm to decrease the total number of test
cases required. The authors have shown how CSIGs can be combined with an existing
test case selection algorithm for regression testing [28]. The authors also used CSIGs for
integrated class-level black and white-box testing. Both the specification of a method and
its implementation were represented as control flow graphs which allows black and white

box testing by structural techniques [29].

A Java Interclass Graph (JIG) is a new control flow representation for Aspect] software
which captures the semantic inter-relations of aspect-related interactions. A JIG contains
a CFG for each method that is internal to the set of classes [30]. Each call site is
expanded into a call node and a return node and the call node is linked with the entry
node of the called method. There is a path edge between the call node and the return node
to represent the path through the called method. Xu and Rountev proposed a new
regression test selection technique for Aspect] programs. Aspect-oriented software
development is a popular approach for modularizing cross-cutting concerns, which
simplifies software maintenance and evolution. The executable code of an Aspect]
program is Java bytecode produced by an Aspect] compiler [30]. The authors have
developed Aspect] Inter-Module Graph (AJIG) which extends some features of JIG. The
authors also presented a two-phase graph traversal algorithm in which the first phase does

the inter-procedural traversal and second phase does the intra-procedural comparison.

Jenny Li et al. proposed a new Super Nested Block (SNB) method to reduce
instrumentation run-time overhead in coverage testing using control flow graph [31]. The
researchers implemented the SNB method with an automatic generated on-line
instrumenter of a code coverage testing tool and found that instrumentation overhead was

less than 1% of overall execution time.

Mouy et al. proposed a technique that deals with the difficulties of structural unit testing
to test functions which call other functions [32]. The authors incorporated the functional
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information on the called functions within the structural information. The authors used
Control Flow Graph (CFG) which may be viewed as an extension of the classic CFG.
This CFG allows to characterize test selection criteria ensuring the coverage of the source
code of the function under test. The authors also described how to automate test data
generation with grey-box (combinations of black-box and white-box) test selection

strategies and applied the results using PathCrawler tool examples in the C language.

2.2.3Using Program Dependence Graph (PDG)

The PDG represents a program as a graph. It is a graph in which the nodes are statements
and predicate expressions. The edges incident to a node representing data values on
which the node’s operations depend and the control conditions on which the execution of

the operations depends [10, 11].

A PDG represents both control dependence and data dependence in a single graph. For
statements X and Y in a program, if X is control dependent on Y then there must be at
least two paths out of Y. In this, one path always causes X to be executed and the other
path may result in X not being executed. A data dependence exists between statements X
and Y in a program if X defines a variable v, Y uses v and there is a path from X to Y in

the program on which v is not defined [33, 34].

Rothermel and Harrold implemented PDG for regression testing in object-oriented
software. The researchers presented an algorithm that constructs class dependence graphs
(CIDG) for classes and application programs. The researchers used these graphs to
determine which tests can cause a modified class to produce different output than the
original [12, 33]. But the researchers did not considered polymorphism and dynamic
binding in their approach.

There were also few other graphs that extended the features of PDG for program slicing
such as Object Program Dependence Graph (OPDG) [64] , Dynamic Object Program
Dependence Graph(DOPDG) [64], Efficient Dynamic Object Program Dependence
Graph (EDOPDG) [65] and so on.
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2.2.4 Using System Dependence Graph (SDG)

The System Dependence Graph (SDG) is an extension of the Program Dependence Graph
(PDG) and represents a program that consists of multiple procedures and involves
procedural calls. SDG models a language in which parameters are passed by value and
where a complete system consists of a single (main) program and a collection of auxiliary

procedures [11].

Horwitz et al. presented SDG for inter-procedural slicing and make use of context-free
grammer in constructing SDG [11]. They presented all the dependency relationships in
SDG and PDG. An algorithm to implement inter-procedural slicing using SDG was also
discussed. The cost of constructing SDG for slicing in various contexts was also

determined.

Larson and Harrold extended the SDG of Horwitz et al. to represent Object-Oriented
programs [12]. They have constructed Class Dependence Graphs (CIDG) for each class
in an object-oriented program. A CIDG captures the control and data dependence
relationships that can be determined about a class without knowledge of calling
environments. Each method in a CIDG is represented by a procedure dependence graph.
The CIDG construction expands each method entry by adding formal-in and formal-out

vertices similarly as procedure dependence graphs.

Liang and Harrold present an SDG for object-oriented software that is more precise than
previous representations and is more efficient to construct than previous approaches [13].
Based on this new SDG, they introduced the concept of object slicing and an algorithm to
implement this concept. Object slicing enables the user to inspect the statements in the
slice, object-by-object,and is helpful for debugging and impact analysis.

Mohapatra et al. presented a technique for dynamic slicing of Object-Oriented programs,
which extends the System Dependence Graph (SDG) [66]. The graph is known as
Extended System Dependence Graph (ESDG) which handles the features of object-
oriented programs such as polymorphism, inheritance etc. Their algorithm is named as
Edge Marking Dynamic Slicing (EMDS) because it is based on marking and unmarking
the edges of the ESDG.

25



Zhao presented a Java-based graph that encapsulates the benefits offered by the previous
approaches of SDG. The Graph was named as Java System Dependence Graph (JSDG)
and it enables the representation of Java-specific features such as interfaces, packages
and single inheritance [67]. Walkinshaw et al. extended this Java-based graph that is
known as Java System Dependence Graph (JSysDG) [68]. A JSysDG is a multigraph

which maps out control and data dependencies between the statements of a Java program.

Xi et al. presented an approach of Coarse-grained Dynamic Slice for Java Program [69].
This technique uses Aspect] code tracing tactic to gather method execution traces, which
comprises information of method calls. Dynamic Java System Dependence Graph
(DJSDQG) is used for the intermediate representation and the slice computation is also

done on this graph.
2.2.5 Using ddgraph

The ddgraph is a reduced flow graph whose arcs are associated with program segments.
Bertolino and Marre presented a generalized algorithm that finds a path cover for a given
program flowgraph [35]. The authors have presented two important relations between
ddgraph arcs namely dominance and implication. The authors have created dominator
tree and implied tree for dominance and implication paths respectively. An algorithm is
proposed that covers all the unconstrained arcs of a given ddgraph and the paths are
derived one at a time, each path covering at least one uncovered unconstrained arc. The
authors also proposed procedure for sub-ddgraphs. This algorithm was simple and
flexible because it can satisfy different policies in the construction of path coverage.

2.2.6 Using TestGraph

A testgraph is a directed graph in which the nodes have unique identifiers and there is a
designated start node. McDonald and Strooper presented ClassBench methodology for
the testing of inheritance hierarchies in C++ using the testgraph. ClassBench framework
provides a graph editor for testgraphs, graph traversal algorithms that automatically

traverses a stored testgraph and it also supports debugging and regression testing [36].
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Fig 2.3(a) shows a Bag class declaration code written in C++. Bag provides access to a
bag of integers. The constructor Bag(n)creates an empty bag, the parameter n represents
the maximum size of the bag. Assuming that cut is an object of type Bag, cut.add(x) adds
.r to cut; cut.add(x) does not change cut if cut is full. If x is in cut, cut.detach(x) removes
one copy of x from cut: otherwise, there is no change. cut.getltemsinContainer returns
the number of elements in cut, and cut.hasMember(x) returns true or false according to

whether x is in cut.

class Bag: public
1102..8)

Collection { N

public:
Bag(int); ()]
void add(int);

void detach(int);

(10.1...9] (100.11..99))
ADDALL

)

DELONE

_ADDALL

i i 3.9
intgetltemsInContainer() (t3..9

DELODD DELEVEN

const;
inthasMember(int) const;

private:

(a) (b)
Fig 2.3(a) Code for Bag class declaration (b) Testgraph for Bag [36]

The authors generated the test cases by repeatedly traversing the testgraph beginning at
the start node. The three types of coverage have been considered: node coverage, arc
coverage and path coverage. The authors have shown that a high level of reuse of testing
information can be possible with ClassBench methodology. This methodology ensures
that classes which reuse code via inheritance can be adequately tested without the need to

develop a new test suite.
2.2.7 Using Class Graph

A class graph captures relations between classes where nodes are represented as classes
and edges represent the relations between classes. Chen and Lu presented a class graph

with algebraic expressions for a class which contains a syntax declaration and a semantic
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specification, which specify the structure and the behavioral properties of the operations
involved in the class. Fig 2.4(a) shows an algebraic specification for the class of integer
stack and its class graph appears in Fig 2.4(b). According to the definitions in [37], in Fig
2.4(a), new is a creator, push is a constructor, pop is a transformer, top and empty are
observers. By the definition, a normal form must be a sequence starting from a creator,
and followed by several constructors. Hence, it corresponds to a path in the class graph

starting from the node new and ending in the node push.

module INTSTACK is
classes Int Bool IntStack
inheriting INT
syntax declaration
new: —IntStack
_.empty: IntStack — Bool
_.push(_): IntStack Int — IntStack
.pop: IntStack —IntStack
_.top: IntStack — Int'J {NIL}
variables
S: IntStack
N: Int
axioms
a,: new.empty = true
a,: S.push(N).empty = false
a,: new.pop = new
a;:  S.push(N).pop = S
as: S.op = NIL if S.empty
a;:  S.push(N).too = N ]

(a) (b)

Fig 2.4(a) An algebraic specification for the class of integer stack (b) its Class Graph [37]

Leung and Wong proposed an enhancement of the classification tree by replacing the
two kinds of relation by a Class-Class relation. The researchers described the Class Graph
approach and compared it with the classification tree (CT) and presented how test cases
can be derived from class graph in a more efficient way [38]. The CT method is unable to
fully express information obtained from specifications and it can only represent two kinds
of relations namely classification-classes and class-classification. It cannot express the
relation between classes directly. In order to express the class-class relation, the
researchers proposed class graphs which cover the information from specifications better
than CT method. The class graphs can also handle more complicated relations between

classifications and their syntax is simpler than CT. These can capture more precise
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information because it eliminates the need of human decisions in selecting valid test

cases.
2.2.8 Using Application Call Graphs

A call graph is a representation of calling relationships among methods [39]. Zhang and
Ryder explored various approaches to generate more accurate Application Call Graphs
for Java. A new data reachability algorithm is proposed and implemented to resolve
library callbacks accurately [40]. This fine-tuned data reachability algorithm results in
fewer unauthentic callback edges as compared to a simple algorithm that generates an
application call graph by traversing the whole program call graph. Application Call
Graphs can capture the calling relationships more accurately among application methods.
The authors have shown this graph with Call-chain based testing and def-use pair based

testing.
2.2.9 Using Call based Object-Oriented System Dependence Graph (COSDG)

Call-based Object-Oriented System Dependence Graph (COSDG) is a directed,
connected multigraph G = (V, E), consisting of a set of vertices V and a set of edges E. A
vertex represents one of the three categories of vertices, namely, statement vertices, entry
vertices, and parameter vertices. An edge represents one of the seven categories of edges,
namely, control dependence edges, data dependence edges, parameter dependence edges,
method call edges, summary edges, class member edges, and inheritance edges [9].

Fig 2.5 shows various graphical symbols used to represent different types of edges and
vertices in COSDG [41].

Symbols for Vertices Symbols for Edges
) class entry, ———> control dependence {=> inheritance
J method entry "
— — > data dependence o——» simple method call
‘/.»..,<.> parameter  |[------- > parameter dependence |e ----- » inherited method call
~~\ sisloment — - —-» class member o— — » polymorphic method call
\_/ cal — - -—> summary

Fig 2.5 Graphical Symbols used in COSDG [41]
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Najumudheen et al. proposed a dependence-based representation for object-oriented
programs as COSDG. COSDG captures important object-oriented features such as class,
inheritance, and polymorphism. It also includes details of method visibility in aderived
class, and different types of method call edges namely simple, inherited and polymorphic
[9, 41]. The authors also proposed an algorithm for the construction of COSDG and

explained its working with an example.

01: class A{ 15: class X {
02:voidmO( ) { } /Ibase 16: void main (String[ ] args) {
{ 17: int x=args.length;
03: class B extends A { 18: B Obj_B=new B (); /Isimple
04. B() {} /[constr. 19: C Obj_C=new C (); /Isimple
05: voidml () 20: Obj_B.m1(); [Isimple
06: {m2(); } 21: Obj_C.m1(); {linherited
07: wvoidm2() {} 22; if (x==1)
08: wvoidm3() {} 23:  Obj_B.m3(); /[simple
09: {m0(); } else
10:  voidm4 () 24.  Obj_C.m4(); /finherited
11 {ml(); } 25: Obj_B=new C(); /lsimple
} }
12: class C extends B { 26: Obj_B.m2(); {//polymorphic
13: C() {1} /lconstr. }

14: voidm2 () { } /lovrdn.

m o—p  simplecall
0o _ihuledell

— polymorphic call

(b)
Fig 2.6(a) An Example Java Program (b) Various types of method calls in COSDG [41]
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Fig 2.6(a) shows a sample Java program and Fig 2.6(b) represents its COSDG. The three

types of method calls are represented using COSDG in Fig 2.6(b) namely simple,

inherited and polymorphic method calls, created at different call sites in the program.

2.3 Tools

There are different tools available, which are listed and compared in Table 1.

Table 2.1 Tools Comparison

Year Tool Name Language GUI Type of Coverage
Support Support

1987 | ASSET [22, 42] Pascal N Data Flow

1988 | SiemensTSL[43,44,45] | Ada N Data Flow and Control
Flow

1993 | SPYDER [23, 46] C Y Block and Edge coverage

1995 | ANTLR [9, 47] C,C++/Java | Y Control and data flow

1996 | TCgen [25, 48] Ada N Test Coverage

1996 | PiSCES [20, 49, 50] C,C++/Java | Y Statement, Decision and
Code Coverage

1997 | JCover 2.1 [20, 51] Java Y Statement, branch, method
and class coverage

1998 | XATAC [23, 52] C, C++ Y Statement, Decision and
control flow Coverage

1999 | TCAT [20, 53] C,C++java | Y Statement, Decision and
Test coverage

2001 | TATOO [19, 54] Java Y Code and Object coverage

2002 | JTest [20,55,56 ] Java Y Statement, branch and
code

2007 | JUnit [20, 57, 58] Java Y Black box testing

2003 | JaBUTI [20, 59] C,C++Java | Y Data flow and Control
Flow

2005 | PathCrawler [32, 60] C,C++ Y Path Coverage

2.4 Comparison of Graphical Methods

From the given literature, the advantages and disadvantages of various graphical methods

used for test case generation have been observed. These features are listed in Table 2.2.
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Table 2.2 Graphical methods comparison

S No. Approach Advantages Disadvantages
1. Def-Use Graph [15, Provides data flow and Not provides fault detection
16, 17, 18, 19, 20] control flow coverage capabilities.
Represents the status of a
variable
2. Control Flow Provides control flow and Cannot represent some
Graph (CFG)[21, branch coverage. features of object-oriented
22,23, 24, 25, 26, Can be used to represents programs like polymorphic
27, 28, 29, 30, 31, dominator relationships. calls, method calls,
32] Can be used in automatic inheritance and exception
test case generation. handling.

3. Program Represents both control and | Represents only a single

Dependence Graph data dependence in a single procedure.
(PDG) [10, 11, 12, graph.
33, 34]

4. ddgraph [35] Represents dominance and | Used for path coverage in
implication relations branch testing only.
between the arcs.

Simple and flexible in
construction of path
coverage.

5. TestGraph [36] Considers node, arc and path | Cannot eliminate
coverage. maintenance problem of
Provides a high level of inheritance.
reuse of testing information.

6. Class Graph [37, Captures relations between -

38] classes.
Handles complicated
relations between
classifications and their
syntax.
7. Application Call Resolves library callbacks Not used in white-box
Graph [39, 40] more accurately. testing yet.
Can be implemented with
call-chain based and def-use
pair based testing
8. Call-based Object- Captures object-oriented Cannot represent exception

Oriented System
Dependence Graph
(COSDG) [9, 41]

features like inheritance,
polymorphism, etc.

Covers dependence, flow
and call graph details.
Covers details of method
visibility in a derived class.

handling code.
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Chapter 3

Problem Statement

After reviewing the literature of Software Engineering Models, Testing techniques and
various Graphical methods for representing the procedural calls, it has been analyzed that
Flow Graph departs a very little information as compare to Dependence Graphs (like

Program Dependence Graph, System Dependence Graph, etc).

Flow Graph represents the basic flow of control present in the program logic where as
dependence graphs represent the data as well as control dependence relationship that can

be present among various statements/methods of a program snippet.

Dependence Graphs can be compared against Flow Graph for various features like
single/multiple procedures, statement/branch coverage, intra/inter procedure calls,

flow/context sensitive and dependencies relationships, etc.
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Chapter 4
Methodology

The proposed work addresses the comparison of flow graphs with dependence graphs on
the basis of features like single/multiple procedures, statement/branch coverage,
intra/inter procedure calls, flow/context sensitive, inheritance, polymorphism, dynamic

binding features and dependencies relationships, etc.

For implementing the Comparative Analysis between Control Flow Graph (CFG),
Program Dependence Graph (PDG) and System Dependence Graph (SDG), following
steps have been followed:

1. Plug-in named “CFG Generator” has been used for generating Control Flow Graph
(CFG) on Eclipse (version 3.4.2)GUI environment.

1.1. Install plug-in named “CFG Generator” into Eclipse 3.4.2 environment.

1.2. Import the .java file of the program under consideration.

1.3. Click on respective method name in Outline Window. Choose option “CFG
Generator” and then choose sub-option named “Build”.

1.4. In window named Flow Chart Viewer, the desired CFG will be generated.

2. Generation of Program Dependence Graph (PDG): This includes the generation of
Control Dependence Graph as well as Data Dependence Graph and combining the

above generated graph.

2.1 Function named ProceduralDependenceGraphMatrix(), that resides in
SystemDependenceGraph.jar,has been used that will give an Adjacency
Matrix for the respective method under concern.

2.2 Adjacency Matrix will provide a unique address for all the statements present
in the program and assign a numeric value for Control and Data dependence
relationships. (Numeric one will represent data dependence and numeric two

will represent control dependence between the two nodes).
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2.3 All the nodes that are related with data and control dependence relationship
with a particular node will be enumerated in a distinct list.

2.4 For traversing through all the nodes listed in above step 2.3, a method named
ControlDependenceBFSlterator() has been used. Methods named getname(),
getancestornode() will be used for fetching the self-address of the
node/statement as well as parent address of the particular node/statement.

2.5 After getting all the respective addresses of all parent nodes and its children, a
consolidated graph can be constructed that will provide the merged view of
Control Dependence and Data Dependence Graph, here control as well as data

dependence will be shown.
3. Generating System Dependence Graph (SDG)

3.1 For getting list of methods present in a particular class,
ConstructGraphClassAdapterhas been used (that take Class hame as input).
3.2 For all the methods listed in above step 3.1, the control dependency can be

computed at Class as well as System level.
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Chapter 5

Experimental Results

This chapter focuses on a tool for generating Control Flow Graph (CFG) and
implementation of System Dependence Graph API for generating System Dependence
Graph (SDG).

5.1 Tool for generating Control Flow Graph

A Control Flow Graph (CFG) describes the sequence in which the instructions of a
program will get executed. A CFG (or flow graph) G is defined as a finite set of nodes N

and a finite set of edges E where an edge (i, j) in E connects two nodes n; and n;in N.

The Eclipse “CFG Generator” is a plug-in for the Eclipse IDE that generates Control
Flow Graphs for Java code. It generates the graphs based on the evaluation of the source
code. CFG Generator will generate the Control Flow Graph of the selected code snippet
in Flow Graph Viewer window and also computes the MacCabe’s complexity of the
generated graph [71, 72]. Figure 5.1 is a simplified representation of the framework
involved for Control Flow Generator. From the UML class diagram given in Fig 5.2, we
can get a first idea about the most important classes involved in the process of CFG

generation.

Plugin X

Control Flow

dom4j &jaxen
Generator

Eclipse JDT Eclipse GEF

Eclipse SDK

Fig 5.1 Framework/Schema for CFG Generator plug-in [72]
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|2 Controller
&1 coverVisitor
&l Workbench 1
1 _SF
[ Node
[ fowChartEditor
[£] mainVisitor
(= IMethod
1
+iNode | {order} 1 | - flowChartEditor
sinterface » | _Node 1 {= FlowChartEditor
] INode
1 = iNode
1;, iGraphBuilder
| 1/ + flowChartEditor
E FNode £ coverNode
= GraphBulider |
1 | - iGraphBuilder
1
«interface »
¥ 1GraphBullder
£ fowChartEdior
H GraphBullder4Cover |

Fig 5.2 UML Class Diagram for CFG Generator [72]
5.2 System Dependence Graph API

“SystemDependenceGraph.jar” from Java System Dependence Graph API [70] has been
used to generate System Dependence Graph. It has been developed by TONG Chun Yin
under the supervision of Dr. LO Eric Chi Lik and Mr. LUK Ming Hay in Department of
Computing in The Hong Kong Polytechnic University in 2009-2010. It takes java byte

code as input and generates the System Dependence Graph.
5.3Implementation

5.3.1 Using CFG Generator

CFG Generator has been used to generate Control Flow Graph by using Eclipse 3.4.2.
Consider the example program shown in Fig 5.3 that represents code for Demo class and
stored under a package that also named as demo. Here, Demo class contains two methods
namely add( ) and main( ). The method main( ) will compute the sum of integers from 1

to 10. The while loop will execute until the value of variable i is less than 11.
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package demo;
public class Demo

1

2

3. {

4 public static int add(int i, int j)

5 {

6 intr=i+j;

7 returnr;

8. }

9.  public static void main(String[] args)
10. {

15.
16.
17.
18.
19.
20.

22.}

int sum, i;
sum = 0;
sum =sum + 1;
i=1;
while (i <11) {
sum = add(sum, i);
i =add(i, 1);
}
System.out.printin("sum =" + sum);
System.out.printin("i =" + i);

21. }

Fig 5.3 Code for Demo Class in Java

After importing the above Demo class in Eclipse environment, the program will appear as

shown in Fig 5.4 screen below. Here the screen has been divided into different frames.

File Edit Source

[ Package Explorer &1

22 test
4 (B sic

4 £ (defoult package)
dem

&= dg

A

H-0 A BEH G
= 5B demojove =

= JRE System Library (jrc7]

= Java - test/src/demo java - Eclipse Platform
Refactor MNavigate Search Project Run Window Help

SO FF

"4 Flow Chart Viewer

vl vs (o

T b Wtest b (Borc b (default package) b @ demo b & main(String[])

public class
public s

demo {
e

return r;

[E=R =R =)

[ §J JavaBrowsing % >

= O|[ B TaskList &2

=8

SRAE- B

Find: F Al b At

(% Uncategorized

EX Outfine 53 =8
BR e e T
i @, dem:
while (i < 11) [ © ° addint, int)
sum = add(sum, 1i); © © main(String[])
1= @dd(i, 1;
= sum)
b; C
[£0 Problems | @ Javadoc [}, Declaration | &' Progress | & Console 72 X% GEEE 2 E2-9--0

<terminated> demo [Java Application] C:\Program Files\Java\jreT\bin\javaw.exe (Jun 23, 2012 2:14:58 PM)

sum = 56

i=11

D

Fig 5.4 Demo Class program in Eclipse Environment
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As shown in Fig 5.4, Frame A represents Project Explorer Window where the program
will be shown in tree structure. The name of the package will be at the top and methods
will be represented as its subparts. Frame B represents the working area where code is
present. Frame C represents the Outline Window which will show the demo class
methods in tree structure. Frame D represents the output of the Demo class program after

compiling and execution of source code.

After successful compilation and execution, the next step is to generate Control Flow
Graph (CFG) using CFG generator plug-in present in Eclipse. For using this plug-in,
right click on the method name (whose CFG has to be generated) in the Outline Window
(as shown in Frame C in Fig 5.5). After right click, a pop-up menu will appear (as shown
in Frame E). This pop-up menu contains the option to use CFG Generator. On selection,
the CFG Generator option displays a small menu that contain three options for CFG
genearation. From these three options, the Build option will be selected to generate the
CFG.

= Java - test/sic/demo,java - Eclipse Platform =5 =R EX
File Edit Source Refactor Navigste Search Project Run Window Help
-0~ BHGEG- @SS F P im0 £ 5 Java Browsing % >
[# Package Explorer 32 = O[£ Flow Chart Viewer | £'3 Flow Chart Viewer [3] demesjava 2 = B (8& Outline £3 AR ext~™=H
B %G| T b Etest b (Barc b i (default package) b @ demo b & add(int, int) 4 ©, demo
5
©° add(i

& test
@ ° main(|

ublic class ds Open Type Hierarchy F
public class demo

sre {
£ (default package) public static int [EE(int i, int 3) { Open Call Hierarchy Cerl+Alt+H
[3] demojava int r =1+ 3; ShowIn Alt+ Shift+ W »

@ demo
& add(int, int)

@ main(String[ C = Copy Ctrl+C
=), JRE System Library [jre7] . . I 2 Copy Qualified Name
‘ B Paste Ctrlev

@ g h
B 3 Delete Delete

demo_sdd 13
Source AlteShifteS »
Refactor E AlteShift=T »

return

o Cut CirleX

References »

Declarations

@ Taggle Method Breakpoint
Run As »
Debug As »
Profile As

Compare With
Replace With »
[2 Problems | @ Javadoc | (2 Declaration | € Progress| E Console 32 Restore from Local History.
demo [Java Appl Ci\Program Files\J \bin\javaw.exe (Jun 23, 2012 2:14:58 PM) £y Build
@ From CodeCover session l -
D From last CodeCover session —]

sum = 56
=11

o* demo.add(int i, int j) : int - test/src

Fig 5.5 Steps to use CFG Generator plug-in

After Build option has been selected, it will generate the Control Flow Graph (CFG) of
the selected method in Flow Chart Viewer Window as shown in Fig 5.6. Frame F
represents the Flow Chart Viewer window that contains the Control Flow Graph(CFG) of

method named add( ) in Demo class program.
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= Java - test/cfg/demo_add.f3

- Eclipse Platform

£ (default package)
[J] demo.java
@ demo
& add(int, int)
& main(String[
=4 JRE System Library [jr<7]
= «fg
2. demo_add.ff3
2. demo_main.f3

A

sum = 56

i = 11

File Edit MNavigste Search Project Run Window Help
= FrO-QAQr  EHFG &S I~ <
[# Package Explorer &2 = O[¢" Flow Chart Viewer 52 £ Flow Chart Viewer
B sl e 7
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@8 src

—

[Z Problems | @ Javadec | [&, Declaration |2 Progress | E) Console &3
<terminated> demo [Java Application] C:\Program Files\Java\jre7\bin\javaw.exe (Jun 23, 2012 2:14:58 PM)
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Limit: Tl
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» % | G BE(EE) =t
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Fig 5.6 Control Flow Graph for add( ) method

Fig 5.7 represents the Control Flow Graph (CFG) for the method named main(') in Demo

class program. Frame F represents the CFG for the main( ) method in the Flow Chart
Viewer window.

= Java - test/cfg/demo_main.ff3 - Eclipse Platform == BB ©<)|
File Edit Mavigate Search Project Run Window Help
[ H-O-QLr EEEG- @S - B e oy i Java Browsing %
[ Package Explorer 52 = O |[¢"s Flow Chart Viewer  [¢'} Flow Chart Viewer £3 = ™1 = O|[8= Outline &2 e =0
r =
SRR ) ) Flow Chart Generator
]
T test | START, MacCabe results
8 sic 10-10+2=2
1 (default package) *Satisfied:  true
[J] demojava S Nodes: 10
@ 4 sum= X
» demo Connections: 10
& add(int, int) Limit: -
& main(String[ F
, i Expression
=i, JRE System Library [jre7] “Whether the MacCabe resultis
& cfg under the limit or not, it depends
", demo_add.ff2 on the limt itself.
" demo_main.ff2 =1
i<ll
Expression
Expression
Expression
i=add(il) R
[Z! Problems | @ Javadoc [, Declaration | Progress| & Console &3 x ?ﬁ‘ ® BE = ~rg-=0
<terminated> demo [lava Application] C:\Program Files\Java\jre7\bin\javaw.exe (Jun 23, 2012 2:14:58 PM)
sum = 56 i
< . vl »

Fig 5.7 Control Flow Graph for main() method
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5.3.2 Using SDG API

A Prototype using System Dependence Graph API has been customized in the Java

language to generate System Dependence Graph.

Program Dependence Graph (PDG) represents both control dependence and data
dependence in a single graph. In other words, PDG is a combination of Control
Dependence Graph and Data Dependence Graph. It consists of vertices and edges where
vertices represent the program statements and edges represent the data dependency and
control dependency.

Fig 5.8 represents the code for Demo Class program in NetBeans environment. Frame A
represents the working area where Demo class program has been written and Frame B

represents the Properties Window that displays the properties of the class.

® SDGApplication - NetBeans IDE 6.7

File Edit View Navigate Source Refactor Run Debug Profile Team Tools Window Help
PEEE DCE weew T H DB G-
¢ [Projects 3| StartPage 5[] Perimeterjava = 5 |[sf) Demojava = 3|

HECH BECE I S I

1

Demo

CWsersivinay Aro
660
My 26, 2012 1:15:42 .

System.out.println("sum = " + sum);
System.out.println("i = " + 1);

EB@® 271 |ms

Fig 5.8 Demo Class Program in NetBeans Environment

Fig 5.9 represents the Control Dependence Graph of Demo Class program. Frame A
represents the statements of the Demo Class program along with line numbers. Frame B
represents the Control Dependence Graph of the program. The nodes are represented in
circular form and edges are represented by blue colored regular lines.
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P Control Dependency Graph

01: entry

02: args

03: sum =0

04: sum =sum + 1

05:1=1

06 1f(i < 11)

07: call demo/Demo.add

o8: sum

09:1

10 agd$Resul_1

11: sum = Demo.addSResult_1

12: call demo/Demo.add

13:1

[14: 1

15! agd$Resu_1

[16: = Demo.addSResul_1

[17. ot (i < 11)

118: System.out printin(new StringBuilder_<init=().append("sum = *).append(sum).oString()
[19: System.out printin(new StringBuilder.<init=().append(i = ").append(i) toString()y

A

Fig 5.9 Control Dependence Graph for the Demo Class

Fig 5.10 represents the Control Dependence Graph for the method named add( ) in Demo
Class program. Frame A represents the program in tree structure. The name of the
package will be at the top and methods are represented as its sub parts. Frame B
represents the code snippet for method add( ) along with its line numbers. Frame C

represents its corresponding Control Dependence Graph.

B System Dependency Graph

¢ [ demo CDG | DDG
¢ Jo1Demo 01: ent
[ 02 <init= 10v1 0211 v
[ 03 ada i 03:j
[ 04 main {@avanang/string; v 04: add$return
05:r=i+]

06: add$return =r

|D cunk |

Fig 5.10 Control Dependence Graph for add( ) method
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Fig 5.11 represents Control Dependence Graph for the main( ) method in Demo class

Program.

B Sysiem De; o
¢ [Jdemo Sympoig ;| €06 [ DDG
¢ C301Demo o eniry
[ 02 <init= (v} 02 rgs
[ 03aga oy 03
[} o4 main {(LavatangiString v} 04: sum = sum + 1
05:i-1
06: (i < 11)
07: call demoiDemo.add

08: sum

A 0:i
10: addSResult_1
11: sum = Demo.add$Result_1 B
12: call demo/Demo.add
13:0
14:1

15: addS$Result_1
16:i = Demo.add$Result_1
17: 1 not i < 11)
18: System.out printinnew StringBuilder.<init>().append("sum
m 19: System.outprintin(new StringBuilder.<init>().append(’i = ")

Fig 5.11 Control Dependence Graph for main(') method

Fig 5.12 represents the Data Dependence Graph of Demo Class program. Frame A
represents the statements of the Demo Class program along with line numbers. Frame B
represents the Data Dependence Graph of the program. The nodes are represented in

circular form and have also the edges are represented by blue colored regular lines.

10: add$Resuit_1
11: sum = Demo.add$Result_1
12: call demo/Demo.add

14:1
15: add$Result_1
emo.add$Resuit_1

ntin{new StringBuilder.<init>().append("sum = ").append(sum).toString())
19: System.out.printin(new StringBuilder.<init>().append("i = ").append(i) toString())

A

Fig 5.12 Data Dependence Graph for the Demo Class
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Fig 5.13 represents the Data Dependence Graph for the method named add( ) in Demo

Class program. Frame B represents the code snippet for method add( ) along with its line

numbers. Frame C represents its corresponding Data Dependence Graph.

B System Dependency Graph

¢ Claemo (co5 | pos |
¢ 301 Demo
01: entry
[ 02 <init= 0v3 02:i
[ o2 ada aniy 03:]
[ 04 main {(Ljavafiang/string; v} 04: add$return
05:r=i+]

06: add$return =r

D enune |

Fig 5.14 represents Data Dependence Graph for the main( ) method.

[ System Dependency Graph
¢ [Jdemo

Fig 5.13 Data Dependence Graph for add( ) method

(coG | DG
# [701Demo 01: entry

[ 02 <init= 10v3 0z args

[ 03 add (i 03:sum =0
05:i=1
06: I1(i <11)
07: call demo/Demo.add
08: sum
09: i

10: add$Result_1

11: sum = Demo.add$Result_1
12: call demo/Demo.add

1300

14:1

15: add$Result_1

16:i = Demo.add$Result_1
17:1f not (i< 11)

18: System.out printin(news StringBuilder.<init>()append(”su
155 erne] 19: System.out printin(newr StringBuilder.<init>().append("i =
chun|

Fig 5.14 Data Dependence Graph for main( ) method
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Fig 5.15 represents the Program Dependence Graph (PDG) for the Demo Class program.
Frame A represents the statements of the program along with its line numbers. Frame B
represents the PDG of the program. The nodes are represented as rectangular blocks and
blue colored edges are data dependence edges and red colored edges represent control

dependency.

B Program Dependency Graph
01: entry
02: args
03:sum=0
04 sum =sum + 1
05:i=1
06: 1 < 11)
07: call demo/Demo.add
08: sum
09: i
10: adosResut_1
11 sum = Demo.addSResult_1

12: call demo/Demo.add
[13:1

14:1

15: adosResut_1

16: i = Demo.add$Result_1

17: 1Fnot (i < 1)

18: System.outprintin(new StringBuilder.<init>(.append('sum = ").append(sum).tost
19: System.outprintininew StringBuilder. <init>().append(’ = *).append(i).toString())

A

[« I D

Fig 5.15 Program Dependence Graph for the Demo Class

I System Dependency Graph

# ] dema [Symbolg €6 | DDG
% £101Demo ot entry
[ 02 <init= {0v3 021

[ 03 add {ai.

03:
[ 04 main {([Ljavalang/Stiing; )V}

04: add$return
05:r=i+j
06: addSreturn - 1

10 chunke

D SDG Symbals o]

SYMBOLS:

——F :Inheritance
——» :Class Members
—— Inter procedural call
———p : System dependencies

Fig 5.16 System Dependence Graph for the Demo Class
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Fig 5.16 represents the System Dependence Graph (SDG) for the Demo class program.
Frame A represents the program in tree structure. Frame B represents its corresponding
SDG and Frame C represents the code for the selected method. Frame D represents the
various symbols used in SDG to represent method calls. Red colored edges represent
inheritance, gray color edges represent class members, blue color represents inter-

procedural calls and pink color shows system dependencies.
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Chapter 6

Conclusion and Future Scope

6.1 Conclusion

From the given literature survey and experimental setup, it has been concluded that each
and every graphical method given above supports some unique features/parameters which
helps in depicting various relationships/dependencies. On the basis on some parameters,
the comparative analysis of Control Flow Graph (CFG), Program Dependence Graph
(PDG) and System Dependence Graph (SDG) has been done to better understand the
usage of these graphs.

Table 6.1 Comparison of CFG, PDG and SDG

S No. Parameters CFG | PDG SDG
1. | Control Dependency [2,7, 9,10,21,22,34] 4 4 4
2. | Data Dependency [9,10,13,34] X v v
3. | Transitive Dependency [11, 12, 13, 62] X X v
4. | Single Procedure [7,10,11,12,21,33] 4 4 4
5. | Multiple Procedures [10,11,21,33,63] X X v
6. | Intra-procedural Calls [10,11,12,34,62] X v v
7. | Inter-procedural Calls [10,11,12,34,62,63,64] X X v
8. | Multiple types of Edges [7,10,23, 34,63] X v v
9. | Slicing [10, 11, 33, 34, 62, 63] x v v
10. | Flow-Sensitive [7,63] v v X
11. | Context-Sensitive [7,63] X X v
12. | Inheritance & Polymorphism [9,10,12,27,64] X X v
13. | Dynamic Binding [12,13,33,34,62,64] X X X
14. | Test Case Generation [10,11,21,22,34] v v v
15. | Exception Handling [27, 63] X v X
16. | Parameter Passing [9,12,41, 62, 67] X X v
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Control Flow Graph (CFG) can be taken as base graph for various other representations
like BDG, EDG, EG, CCFG, etc. Similarly, Program Dependence Graph (PDG) can be
taken as base graph for various other graphs such as CIDG, OPDG, DOPDG, etc. System
Dependence Graph extends the features of PDG and can be taken as base graph for other
graphs like ESDG, JSDG, COSDG, etc. Fig 6.1 represents a hierarchical tree structure of
CFG, PDG, SDG and their sub-graphs.

<G>

\ 4

e >
Cosed
Ceporoe >

@ EDOPDG
@ DOPDG

Fig 6.1 CFG, PDG, SDG and their sub-graphs
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Table 6.2 Description of Graphs shown in Fig 6.1

SNo. | Acronym Abbreviation Description

1. CFG Control Flow Graph Flow between nodes & edges

2. BDG Block Dominator Graph Dominator relationship among blocks

3. EDG Edge Dominator Graph Dominator relationship among edges

4. GDG Global Dominator Graph BDG + EDG + Inter-procedural level

5. EG Event Graph CFG + Interaction between procedures

6. EIAG Event InterActions Graph | EG+Interaction for concurrent programs

7. CCFG Class Control Flow Graph | CFG + Call Graph between classes

8. ICCFG Inter-Class Control Flow CFG + Inter-class relationship
Graph

9. CSIG Class Specification CFG for each class method

Implementation Graph

10. | JIG Java Inter-class Graph Inter relationship of AspectJ programs

11. | PDG Program Dependence Control +data dependencies for single
Graph procedure

12. | CDS Control Dependence Sub- | Control dependencies for single
graph procedure

13, | DDS Control Dependence Sub- | Data dependencies for single procedure
graph

14. | OPDG Object Program PDG+ Object-Oriented Features
Dependence Graph

15. | DOPDG Dynamic Object Program | OPDG + Dynamic Slicing
Dependence Graph

16. | EDOPDG | Efficient Dynamic Object | DOPDG+ few modifications
Program Dependence
Graph

17. | CIDG Class Dependence Graph Set of PDGs + Inter-procedural calls

within class
18. | SDG System Dependence Graph | Set of PDGs + Interprocedural calls for
whole system

19. | ESDG Extended System Extends SDG by representing a class
Dependence Graph with CIDG

20. | JSDG Java System Dependence SDG + Interfaces & Packages in Java
Graph

21. | JSysDG Java System Dependence JSDG_ few modifications
Graph

22. | DJSDG Dynamic Java System JSDG + Dynamic Slicing
Dependence Graph

23. | COSDG Call-based Object-oriented | Dependencies + Flow + Call Graph+

System Dependence Graph

Inherited Call +Polymorphic calls
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The major contribution of this work is given below:

e The key contribution of work done is the comparative analysis of various
graphical techniques for representing the system that is having Method Calls.

e The foundation of the proposed technique is System Dependence Graph (SDG).
With this representation, developer can better understand the method calls within

the program.

6.2 Future Work
This proposed work has focused on Control Flow Graph (CFG), Program Dependence
Graph (PDG) and System Dependence Graph (SDG) for comparative analysis.
There are the following points that can be explored further:
e Area using System Dependence Graph for dealing exception handling in Java can
be explored further.
e Flow sensitivity in procedural as well as Object-Oriented program can be

explored using System Dependence Graph.
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