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ABSTRACT

Software testing andebugging is the necessary phase of software dawelop lots of
effort has been deployed to detect thedamy debug the program. Program slicing is
a technique to extract program parts with respecsdme special computation.
Program Slicing is to remove the irrelevant stateimerom the program code.
Irrelevant statements are those statements to wihéchuggy statement is neither data
dependent nor control dependdptogram slicing aiithe programmeto reducethe

debugging effort.

Computation of slices needs an intermediate reptatien of the program, and then this

intermediate representation is used to computeslibes. Various dependence graphs have
been proposed to represent the program like progigpendence graph. Since these graphs
are very complex it is very difficult to convertettprogram into these intermediate graphs.
The proposed approach introduces another intertgedipresentation of the programs whose

space complexity is lesser.

Detecting and locating bugs is the major task efdbbugging process. Here we detect most
possible bugs in the program with polymorphic bétvavihe debugger also generates the
suggestion messages for the detected bugs. Theggestion messages can help the

programmer in debugging the program.
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Chapter 1

Introduction

1.1Background

Most of the transactions performed in today’'s warke different types of software
solutions. These software solutions are becomiritg gomplex and their quality have
been primarily bounded by the cost and time factéiso, the focus of building
software has seen a dramatic drift from using ti@akl procedural techniques to
object-oriented techniques. Object oriented teadlmigno doubt modularizes the
program, but at the same time, it is very compled difficult to debug and test for
errors. It has been found that almost 50% of thiéwaoes built today go unused
because of their inability to meet the above mewiib constraints, which in turn
results in a huge loss of time, money and manpo$eitware testing activities are
hence very essential for the construction of rédiaoftware.

Various methods have been developed to test safdnvar errors. These methods
apply different approaches toward software testilgch use various intermediate
forms. Intermediate graph representation of a pumgrs one such convenient
representation. It includes various graphs liketmdrflow graph, data dependence
graph, control dependence graph, program dependgragd, system dependence
graph, etc to represent the program structure aedrelations between different
program constructs. This representation can béhdurtised in different areas of
software engineering that includes activities bkeing, program debugging, software
testing, regression testing, etc.

Slicing is an important technique which has a wiglege of applications in software
testing. Basically, slicing is a technique for slityjing programs by focusing on
selected aspects of semantics. It is method ofrpamoganalysis which is used to
extract a set of statements in a program whicklevant for a particular computation.
This set of statements is called a program sli@iouds type of slicing strategies exist
such as forward slicing, backward slicing, staticirsg, dynamic slicing, etc. These
different slicing techniques have different apgdima domains such as software

maintenance, software optimization, program ansJysformation flow control, etc.



1.2Motivation for our project

Usually testing of the software products is caroed in various levels to identify all
defects existing in the software product. However,most practical systems, even
after satisfactorily carrying out the testing pregewe cannot guarantee that a
software product is error free. This situation &used by the fact that input data
domain of most software products is very large. déeiit is practically impossible to
test the software exhaustively with all the santpl cases. It is quite obvious that
not all the lines in the source code contributéh®error at a particular location. We
therefore need not consider the whole source codéa testing process and only
focus on those areas that are more likely to hawesexd the error. In order to find
these high-risk areas, we need to find the depeameenbetween the program

statements and then slice the program.

We mainly concentrated on Object Oriented Prograhes;slicing of object oriented
programs is more complicated than slicing procddan@grams. We need to consider
the features such as classes, inheritance and pghaism. Though, inheritance and
polymorphism are great strengths of OOPs they ppeeial challenges in slicing.

1.3 Basic concepts

1.3.1 Slicing

Program slicing is a method of program analysiscihis used to extract a set of
statements in a program which is relevant for diqdar computation. This set of

statements is called a program slice. It therefommputes the statements which
affect the value of a variable at a particular painthe program. Program slicing was
originally introduced by Mark Weiser as “a methaat dutomatically decomposing

programs by analyzing their data flow and conttoWwf starting from a subset of a
program’s behavior, slicing reduces that programa teinimal form that still produces

that behavior. The reduced program called a slgean independent program
guaranteed to represent faithfully the original gpean within the domain of the

specified subset of the behavior.” The input to pinegram slicing algorithm is the

slicing criteria, and the output is program slidg.



1.3.2 Slicing criterion

Slicing is always carried out or computed with refece to a slicing criterion. The
slicing criterion is represented &sS,V >. Sis the statement whose slice is to be
computed and is the variable for which we need to compute tiee sand that has
been used or defined &{1].

1.3.3 Types of slicing
Program slicing is broadly categorized into thédf@ing types

1.3.4 Static slicing

Static slice consists of all the statements inghegram that affects the value of a
variable at a particular point of interest [6]. fatic slice is constructed by deleting
those parts of the program that are irrelevanhéwvalues stored in the chosen set of
variables at the chosen point [3]. Given a variablend a point of interest, slice
will be constructed fov atn. Here an example program to be sliced is giventhed

variable isp and the slice point is the end of the program.

void main() Slice obtained:
{ void main()
scanf("%d",&n):; {

s=0; scanf("%d",&n);
p=0; p=0;

while (n>0) while (n>0)

{ {

s=s+n p=p*n;

p=p*n; n=n-I;

n=n-I; }

} }

printf(*%d %d”,p,s);

}

1.3.5 Dynamic Slicing

Static slice may contain statements which have nilmence on the value of the
variables of interest for the particular executiorwhich the anomalous behavior of

the program was discovered.



Dynamic slice identify all and only those statensetitat affect the variables of

interest on the particular anomalous executioretrac

In dynamic slicing we have to consider three patarse First one is the variable,
second one is the point of interest within the paog and the third one is the
sequence of input values for which the program esecuted. These together are
called as the ‘dynamic slicing criterion’ [4, 5].eV¢an say that a dynamic slice for a
variablev, at a point1, on an inpui can be constructed. Here an example program to
be sliced is given. Variable ts slicing point is end of the program and inputis

0.

void main() Slice obtained:
{ L
scanf("%d",&n); void main()
s=0; {
p=0;
while (n>0) p=0;
{
s=s+n }
p=p*n;

n=n-l;

}

printf(“%d %d”",p,s);
}

1.3.6 Statement Dependencies

We can construct dependencies between statembatging how they influence each

other. We distinguish the following two types opdadencies [7].
1.3.7 Data Dependency
A statemenB is data dependent on a stateméiit

m A writes some variabl& (or more generally, part of the program state) ihaeing

read byB, and

m there is at least one path in the control flonpdrérom A to B in which V is not

being written by some other statement.



1.3.8 Control Dependency

A statementB is control dependent on a statemdnf B’s execution is potentially

controlled byA.

Consider the example

1 #include<stdio.h>

2 int fib(int n)

3{

4 intf;

5 intf0=1;
6 intfl=1;

7 while(n>1) {
8 n=n-1,

9 f=fO+f1;
10 fO=f1,;

11 f1=f;

12 }

13 return f;

14}

We can use dependencies to check for specific dptdterns and focus on specific
subsets of the program being debugged; such atsisbsalled a slice. The data and

control dependencies of the example program arersiofig 1.1.
1.3.9 Forward Slice

By following all dependencies from a given statemdn we can reaches all
statements of which the read variables or executarid ever be influenced B

This set of statements is called the forward dli¢e

For example in above sample code forward slicestatement 90 = 1) includes
{2,6,7,8,9}.
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Control dependency: Data dependency:

Fig 1.1 The dependency graph of the example progra [7].

1.3.10Backward Slice

By proceeding backward along the dependenciesawaletermine all statements t

could havanfluenced any statement..



For example the backward slice of statemen{rd@un f),includes statements
{0,1,2,3,4,5,6,7,8,9}

1.3.11 Control Flow Graph

A Control Flow Graph is a directed graph with aqua entry node START and a
unique exit node STOP, where each node is a stateimehe program. There is a
directed edge from node to nodeQ in the control flow graph if control may flow

from block P directly to block@. Edges in a CFG are of two types. An edge is @dalle
aT edge, if control flows along that edge when thedrate at the origin evaluate to

true and vice versa [1].

x=10;
connt="5"
while(count=0){
if{==<20)
inc(x);

counl=counli-1

count—count-1 ]7
STOP

Fig 1.2 Control Flow Graph of the sample Program [1

1.3.12 Data Dependence Graph
Data dependence graph added data dependence edgeotirol flow graph. Data
dependence edge exists from n&d Y if the following conditions are satisfied [1]

= NodeX defines variable, say
= NodeY uses the variablé for computation

= Control can flow fromX to Y and along the flow path and there should not be

any intervening definition of the variablle



1 [ sTaRT
2 tmain
g .L .
t{nam(] —3{ int a=10;
int a=10); ] !
int b=20; 4 | int b=20:
it c=2; \
c=a+1;
buatc 5 int c=2;
} L
6 c=a+l;
7 =a-+c; S
3 STOP

Figl. 3 Data Dependence Graph of the example program [1]

1.3.13 Program Dependence raph

The prograndependence graph G, 13, 14] of a program is the graplG = (N, E),

where each node belonging tcN represents a statement of the progP. The graph
contains two kinds of directed edges: control ddpece edges and data depend:e
edges. A combl (or data) dependence ed¢(m,n) indicates tham is control (or
data) dependent om. Note that the PDG of a prograbhis the union of a pair ¢
graphs: Data dependence ¢h and control flow graph a? [9].



Void main()

4| main I
{
int i.num_fact; —>| Inti,num,fact l

i=1: v

fact=1; i
printf("enter the number”); ST * fElf’f=1 I
scanf( %d”, &mum); !

! H printf I
Y

while(i=<=num) {

fact=Ffact*I: i _,l scanf( od” &mum);
i+ } -
! 4 while 1fi=num)D
printf("“%d” fact); '~, .
} i

| "l fﬂﬂ:f&ct I: I‘_.-fa

—* Control Dependency Nopee

» Data Dependency
—»[ printf(“%d” fact). ]

Figl. 4 Program Dependence Graph of the example program [7]

1.3.14 System Dependence Graph

The PDG cannot handle procedure calls. HorwitzldRal3, 14] introduced the
System Dependence Graph (SDG) representation whimttels the main program
together with all associated procedures. SDG igadlgta collection of PDGs. For
programs without procedure calls, the PDGs and S&@ssimilar. For construction

of an SDG, first the PDGs of all the procedurescamstructed individually and then
the SDG is constructed by integrating all the P@}s



Intmain ()

{ Lne 1fur'v:t|
int x=3, v; entrl,' maln
y-increment(x);

coutay;

/ Llne 3variable
returm 0; u:e'rlnitmr'x ¥
H

intincrement (int x)

{

r Line 5 cout<<y

. . Lirve 3 return
inty=x+_;
return vy;
r Liree 4 FurseLwn wall
} |n\_remer"t
‘_,.-"
\H_ Actual-invariable x _> i ( Actual-outvariable y -\>
Faram Cut
Param Line B function \ Edoe
Edze ent rv increment
_F__,—I
Formal-in Formal-outvariabley _‘%‘j
varigble x (/_.-— Lin= 10varisble 3 \j—/
.JE'flr'ltll:lr'"l'

/

Fig 1.5 System Dependence Graph of the Example Program [9]

return

1.3.15 Object-Oriented Program Dependence Graph

OPDG adds some new kinds of node and edge to dématnsobject-oriented
characteristics such as inheritance and polymaonmphj$2]. Class header node
represents a collection of all the methods andddt@ members in a class, it also
describes the inheritance relationship betweensetasUse the member edge to
connect the class header node with the method heades which belong to the class
or inherited from the super class. Use the inhec#aedge to connect the class header
node with the subclass header nodes and the slgssrlteader nodes. Class header
node also stores the information of the data mesakdethod header node is the
method entry node, which indicates that class wdfmd the method. There are three
kinds of method call in object-oriented programmoe calls, class instantiation call,
polymorphism call. Simple call edge describes ganerethod call; the call can be
determined the called object by static analysistaimtiation edge describes the
instantiation of the class, it calls the class tmtsor function. Polymorphic call edge

10



describes the dynamic binding and the polymorphigime calling to the virtual
methods can only be determined at run time. Usthefpolymorphic call edge to
connect the call node with the class header noaie®ggsure that slicing algorithm can
find all the possible called methods through thi/mporphism calling edges and the
class inheritance edges. Polymorphism choice edgeects a virtual method header
node in the super class with the virtual methoddeeaodes in the subclasses which
have the same specification. Inheritance edges tasddscribe inheritance. Use the
inheritance edge to connect the super class headerwith the subclass header node.
Membership edges used to describe membership oflé#ss and its methods, data
members. Use the membership edge to connect thebeneneader node with the
class header node who defines the method. Suhdlassts the methods defined in
the super class. Use inheritance edge to connecimiethod header node that is
inherited with the subclass header node [12]. Hiiitance edge shows the sub-

class’s implied membership. Figure 1.6 is an exanplOPDG.

: class header | method header

virtual method header —_— membership edge

—- iwnheritanceedge ™~ @ ———————— L Polymorphism choice edge

class A{ . S I S
P ublic: enter A | enter A : enter ~ do_str
A() [ b Bl il e , S g s 8 |
virtual ~A( ):

virtual void do_str( ):

public:

B()

~B( ):

void do_str( ):

1.
F3

|

|

|

I !
class B: public A { :
[

|

|

enter ~B

Fig 1.6 Object Oriented Program Dependence Graph of the example Program [12]

11



1.3.16 Extended System Dependence Graph

The extended system dependence graph is usedreseep the programs with object
oriented features that include data hiding, inhege, polymorphism, etc. It is also
called as a Class dependence graph (CLDG) [10].

A CLDG captures the control and data dependencatioekhips that can be
determined about a class without the knowledge afing environments. Each
method in a CLDG is represented by a procedurergigmee graph. Each method has
a method entry vertex that represents the entry the method. A CLDG also
contains a class entry vertex that determines iy éto the class. The class entry
vertex is connected to the method entry vertexebmh method in the class by a class
member edge. Class entry vertices and class meedges let us quickly access the
method information when a class is combined witbtla@r class or system [10].

In a CLDG, each method entry is expanded by addommal-in and formal-out
vertices. Formal-in vertices are used for each &rparameter that is added and
formal-out vertices for each formal reference pastan that is modified by the
method. Additionally, formal-in and formal-out viedgs are also added for global
variables referenced in the method. Since the 'slasstance variables are accessible
to all methods in the class, we treat them as ¢kabamethods in the class and we add
formal-in and formal-out vertices for all referengariables referenced in the method.
However, the exception to this representation fetance variable is that formal-in
vertices for the instance variables in the classtactor and formal-out vertices for
the instance variables in the class destructoomiged [10].

1.3.17 Execution Trace

It is a specialized use of logging to record infation about a program's execution.
An execution trace (or simply a trace) of an obmoented program is the sequence
of methods invoked during the execution [8]. Focleanethod, the trace records the
object on which the method is called, the valuethefarguments that are passed, the

value that is returned, and the trace generatdbéolpody of the method.
1.3.18 Defined-Used Chain

When a statement assigns value to some variablsaydhe statement defines the
variable, and when it references some variable ae is uses the variable. If a
variable reference plays role in the computinghef new value of another variable in

12



the same statement we say the definition is inftednby the use. Note that when a
statement uses and defines several variables {defitiition statement) it may occur
that different uses influence a single definition, the other hand the same use may
influence different definitions. For example in tfwlowing C language instruction
[11].

x=y+v,z=rv;
Use of variablesy and v influence definitionx, furthermore usev influences
definition z too in the same statement [11].
A subpath from node to nodem is called to be definition-clear with respect to
variablev, if none of the nodes of the subpath (ignoringndm) contain definition
to v. We say that the definition of variablein noden reaches another node, if
there exists a definition-clear subpath with respecrariablev from n to m. When
the definition of variables at noden reaches a nodea in which the same variabie
is referenced, the definition ofin noden and the data-dependent nodds called a
definition-use(d-u) pair for and denoted bynv,m). The sequence of connected
du pairs, in which each adjacent pair corresponds du pair, is referred to as a du
chain [11].
1.3.19 PSPO

Path Slice Per Object, it &sslice of the given execution trace for the giebject such that:-

» The sequence of public methods invoked on the bipethe trace is same as
the sequence of public methods invoked on the bbjebe slice.
= Given a method invocation in the slice, the stéditalloobjects accessed by the
method is same in both the trace and slice.
1.3.20 GPSPO

Generator Path Slice Per Object, it is the exeteitplbgram whose execution trace is the
PSPO. [26]

13



Chapter 2

Literature survey

Program Slicing was proposed by Mark Weiser. Prmog&licing is to remove the
irrelevant statements from the program code. Wle statements are those
statements to which the buggy statement is neittada dependent nor control
dependent. Weiser found that the output of a pdarcexecution of the program
depends on the small portion of the source codechadge in the rest of the program
does not affect the output of the program. WeiseduControl Flow Graph (CFG) as

an intermediate representation for the computaifddrogram Slicing [15] [16].

CFG can only represent the control dependency legtwiee program statements.
Ottenstein proposed a new graphical representatiche program called Program
Dependency Graph (PDG) which represented both Glords well as Data
dependency. One disadvantage of PDG was that itoodnbe applied on single-

process procedures [17].

Horwitz introduced the System Dependence Graph (SBiGcomputing Slice of the
inter procedure program with procedure call. Latwrwitz proposed the better
algorithm to compute slices of inter procedure paogwith procedure call. Horwitz
proposed two-phase graph reachablity algorithm dmpute the precise inter-
procedural slice, it divide traversal process @& $lystem dependence graph into two
phases [18].

Phase 1: at the slicing criterion, traversal theGSdong with the data dependence
edges, control dependence edges, parameter ingds,edalled edges, summary
edges, mark all reachable nodes.

Phase 2: at all the marked nodes in the phasavkersal the SDG along with the data
dependence edges, control dependence edges, parapugput edges, summary
edges, mark all reachable nodes.

Horwitz later proposed a new technique for sliarigorograms with many procedure

calls, referred as call stack sensitive slicing[21

14



2.1 Call Stack-Sensitive Slicing

Consider the example

[1]void print {char *msg,int val) {
2| printf(*%s %d\n”,msg,val);
}
int get choice(char *ch) {
if (strcmp(ch,”sum”)==0)
return 1,
else return O;

NG N RN

8 }

[9] void main(int argc,char *argv[]) {
10 int sum=0;

11 int prod =1;

int k=1:

int ch=getchoice(argv[1]);
if(ch==0) {

15 while(k<11) {

16 sum+=k;

17 K++;

18 }

19 print(“val:”,sum);
20 }

21 else{

22  while(k<11) {
23  prod *=k;

24 k++;

25 }

26 print(“val:”,prod);
27 }

28 }

Here the point of failure for input sum is line Unfortunately, in this case, the
backward slice from line 4 is the entire prograncause function print is called to
print both the sum and the product. Backward dglicof a program statement S
involves a backward traversal of the edges of tlysteéen Dependence Graph
representation of the program. The important déifiee arises when stateménis in

a procedureé® other than main. In that case, the full sliceda# edges back to all call
sites that calP, while the call stack-sensitive slice only folloedges back to the call
site that is at the top of the given call stackP lvas reached by a sequence of calls
from main, e.g., calP,, call P,,. . ., callB,, call P, the full slice continues to follow
edges back to all call sites that cBl| P,,_,, etc., while the call stack-sensitive slice

only follows edges back to the call sites in thik gtack. In the example program, the
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full slice back from line 4 includes both lines a6d 31 (the two call sites that call
function print). The call stack-sensitive sliceye the call stack that contains the call
to print made on line 25, only follows edges bazlhe call site on line 25, and thus,
does not include the call to print made on ling23].

Call stack-sensitive slicing can be even more llpfhen a single bug causes
different test inputs to trigger failures at diet points or at the same point but with
different sequences of active function calls. Fareple, if the example program is
tested with the command line argument sum and fved, bad output will be
produced at line 25 and then at line 19. If botlorsr are due to the same bug, the
erroneous code must be in the slices back from lio#s and thus it can be even
more easier for the programmer to locate the buglibglaying the intersection of
those two slices: the boxed indexes lines of codde example program [21] shows
the intersection of the two slices.

Although lots of graphical representation of thegsam has been proposed but
generating the graph from program is in itself ey\difficult task and then following
dependencies to compute slice makes it more tediwmad Beszedes and Tamas
Gergely[11] proposed a new method to compute slised on du chains. Since
graphical representation of the program is not irequso the method proposed is
quite useful for computing slices. Arpad Beszeded &damas Gergely [11] uses
execution trace for computing the dynamic sliceshefprogram execution trace will
contain actions denoted By , wherei is the serial number of an instruction in the
program, whilej is the serial number of an execution step in tkecetion trace.
Arpad Beszedes and Tamas Gergely [11] proposedafdnand backward slicing
algorithms. The algorithm use execution trace afdude information of the program
statement for computing slices.

i defined:used

1 read(a) @
2y=0 Yo
3x=1 X

4 while(a>0) p:{a}

5 y=x y:{x,p}
6 x=2 x:{p}
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7 a=a-1 a:{a,p}

8 z=y z:{y}
Execution trace for this program with a=1 is ET5{2, 3°, 4, 5, 6°, 7/, £, 8%}

2.2 Slicing of object oriented programs

Slicing object-oriented programs presents new ehgkts which are not encountered
in traditional program slicing. To slice an objectented program, features such as
classes, dynamic binding, encapsulation, inherganmessage passing and
polymorphism need to be considered carefully. Altjiothe concepts of inheritance
and polymorphism are strengths of object-orient@djiamming languages, they pose
special challenges in program slicing. Due to iithece and dynamic binding in
object-oriented programs, the process of tracimqgpddencies becomes more complex
than that in a procedural program. Larson and Héamere the first to consider these
aspects in their work [20]. Larson and Harrold [28{ended the SDG of Horwitz et
al. [22] to represent object-oriented programs. yTHeave constructed Class
Dependence Graphs (CLDG) for each class in an sbjented program. A CLDG
captures the control and data dependence relatpsgiat can be determined about a
class without knowledge of calling environmentsfteAconstructing the CLDG for a
complete object oriented program, they have usedtwo-pass graph reachability
algorithm [22] for computing slices. Since LarsamdaHarrold [20] have computed
the static slice, so all most all of the statemémtthe example program are included
in the slice. One limitation of this approach isttlthe data dependencies obtained
using the approach for creating the individual pohae dependence graphs are
imprecise: by treating data members declared ilass@s if they were global to the
methods of that class, the approach fails to cengtie fact that in different method
invocations, the data members used by the methagl# tvelong to different objects.
A second limitation of the approach is that it does handle cases in which an object
is used as a parameter or as a data member ofeardiject.

Krishnaswamy [23] proposed a different approach slwing object-oriented
programs. He used another dependence-based rejptesenalled the object oriented
program dependency graph (OPDG) to represent tjestetriented programs. The
OPDG of an object oriented program represents obfitw, data dependencies and

control dependencies. The OPDG of an object-orieptegram is the union of three
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sub graphs: Class Hierarchy Subgraph (CHS), CobBteplendence Subgraph (CDS),
and Data Dependence Subgraph (DDS).The CHS repsesdreritance relationship
between classes, and the composition of methodsairlass. A CDS represents the
static control dependence relationships that ewishin and among the different
methods of a class. The DDS represents the daendepce relationship among the
statements and predicates of the program. Sliceveacomputed using OPDG as a
graph reachability problem. He also computed themporphic slices of object-
oriented programs based on the OPDG.

The OPDG of an object-oriented program is congtdi@s the classes are compiled
and hence it captures the complete class reprémsstaThe main advantage of
OPDG representation over other representationsaisthe representation has to be
generated only once during the entire life of tless. It does not need to be changed
as long as the class definition remains unchanged.

Steindl [24] has developed a fully operational pamg slicing tool, Oberon Slicing
Tool, for the programming language Oberon-2. Itagates state-of-the-art algorithms
and applies them to a strongly-typed object-orig@nprogramming language. It
extends them to support intermodular slicing oobpriented programs. Control and
data flow analysis considers inheritance, dynammdibg and polymorphism, as well
as side-effects of functions, short circuit evalatof Boolean expressions and
aliases due to reference parameters and pointeesalgorithm for alias analysis is
fast but effective by taking into account infornaatiabout the type of variables and
the place of their declaration. The result of statiogram analysis is visualized with
active text elements: hypertext links connect th# sites with the possible call
destinations; parameter information elements indi¢dhe direction of data flow at
calls. Since static program analysis must makearoative assumptions about actual
program executions, the sets of possible aliasdscalh destinations due to dynamic
binding are more general than necessary. Steifjljas visualized these sets and
allowed the programmer to restrict them via uséeraction. These restrictions are
then used to compute more precise control andfltatanformation. In this way, the
programmer can limit the effects of aliases andadyic binding and bring in his
knowledge about the program into the analysis. disadvantages of this technique
are:

= The layout of the original source code is lost.
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= The front-end of the compiler skips all commentsilgey are lost and cannot
be displayed.

= The front-end of the compiler performs some simpmbiimizations such as
constant folding, transformation of IF statementghwonstant conditions,
replacement of integer multiplication by a powertwb by arithmetic shift,
etc. These optimizations cannot be undone andethédts are presented to the

user. This may give insights, but may also confuse.

2.3 Dynamic Slicing of Object-oriented Programs
Agrawal and Horgan [27] were the first to preseigoathms for finding dynamic
program slices using program dependence graphg. fitoposed a dynamic slicing
method by marking nodes on a static program depeedgraph. The computed slice
is not always precise, because some dependencigist mot hold in dynamic
execution. They also proposed a precise methoddbasehe dynamic dependence
graph (DDG) [27]. Zhao [30] extended the DDG of &gal and Horgan [27], known
as dynamic object-oriented dependence graph (DQD@&)present various dynamic
dependencies between statement instances for @ubartexecution of an object-
oriented program. The DODG is an arc-classifiedydiph(V, A), whereV is the
multi-set of flow-graph vertices, amilis the set of arcs representing dynamic control
dependencies and data dependencies between vefiinss construction of DODG
is based on dynamic analysis of control flow antaddow of the program, and
similar to those for constructing dynamic depengegr@aphs for procedural programs
[25]. Zhao constructed the DODG by creating a n@denfor each occurrence of a
statement in the execution trace, and creatinghalldependence edges associated
with the occurrence at run-time. Zhao [30] has mered the specific features of
object oriented programs such as method calls,ritahee, polymorphism and
dynamic binding etc. Zhao has adopted the followdagcepts for dynamic slicing of
object-oriented programs:

= A slicing criterion for an object-oriented program of the form(s, v, t, i),

wheres is a statement in the program,is a variable used at andt is an

execution trace of the program with input
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= A dynamic slice of an object-oriented program ogieen slicing criterion

(s,v,t,i) consists of all statements in the program thabadist affected the

value of a variable at statemen.

Based on the DODG, Zhao has used a two-phasetalgoi® compute dynamic slices

of object-oriented programs. Computation of dynamlices using the DODG is

carried out as a graph-reachability problem. The pWwases of the algorithm are:

= Computing a dynamic slice over the DODG of the ob@iented program.

(This can be done by using a usual depth-firstreadith-first graph traversal

algorithm to traverse the DODG of the program bkintg the vertex

corresponding to the statement of interest asttre®oint of traversal.)

= Mapping the slice over the DODG to the source dodebtain a dynamic slice

of the program.(This can be done by simply defirmmgapping function.)

Consider the example

1: class Elevator {

Public:

Elevator(int 1_top_floor)

{ current_floor = 1;
current_direction = UP;
top_floor =1_top_floor; }

virtual ~Elevator() { }
void up()

{ current_direction = UP; }

void down()

{ current_direction = DOWN; }

int which_floor()

{ return current_floor; }

Direction direction()

{ return current_direction; }

virtual void go(int floor)

{if (current_direction = UP )

{ while (current_floor !=

BB 5BEs © * ~ s EEEe

=
o
o

=

&& (current_floor <= top_floor)

add(current_floor, 1); }
else
19: { while (current_floor =
floor) && (current_floor > 0)
20: add(current_floot]); }

3
Private:
add(int &a, const int &b)
{a=a+b;};
protected:

int current_floor;
Direction current_direction;
int top_floor;

3
23. class
Elevator
24:  AlarmElevator(int top_floor);
25: Elevator(top_floor)

AlarmElevator:  public

26: {alarm_on =0; }
27:  void set_alarm()
28: {alarm_on =1, }
29: void reset_alarm()

30: {alarm_on =0}
31: void go(int floor)
32: {iif (! alarm_on)
33: Elevator :: go(floor)
I3
protected:
int alarm_on;
3
main(int argc, char **argv) {
Elevator *e_ptr;
BE] if (argv[1])
e_ptr = new Elevator(10);
else
37 e_ptr = new AlarmElevator(10);
e_ptr—> go(3);
cout << "\n currently on floor:"
<< e_ptr> which_floor();
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The lines with line number bold and within squaceithdary shows the dynamic slice
of the example program with respect to the slicomigerion (39, current_floor, t,
argv[l] = 3), where t is the execution trace. Exiecutrace of the example program is
shown in fig 7. The graph is the directed graphnefibe direction of edges shows the
execution flow of the program.

The disadvantage of Zhao’s approach is that thebeuwf nodes in a DODG is equal
to the number of executed statements, which maynbeunded for programs having
many loops. Further, Zhao has used trace filesot@ she execution history which is
expensive. The space complexity and the time caoxiplef this dynamic slicing

algorithm are o0 (S) and0(S5?), respectively, wher§ is the length of execution of
the program.
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Fig 2.1. An execution trace of the example program on input argv[1] = 3 [30].

Rajib mall proposed An Edge Marking Dynamic Slicifigchnique for slicing
Object-Oriented Programs [28]. Rajib mall propogske use of ESDG as the
intermediate representation of the program. Edgekidg Dynamic Slicing algorithm
is as follows:

The algorithm first mark all the nodes correspogdio the lines executed, and then
the corresponding edges. Algorithm then computeslyimamic slice at the mentioned

line in slicing criteria by following all the marleedges backwardly.
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This proposed algorithm reduces the time and smaceplexity of the Zhao's
approach, this algorithm also does not requirergpthie execution trace in file.

There are two key challenges in slicing of OOPs:

» a method called on an object could be private @amhat be directly included
in the GPSPO,
» a slice may include a method on an object, butdhject's definition is
subsumed by another method present in the program.
Sudeep Juvekar,Jacob Burnim and Koushik Sen[26bgsed and implemented a
technique for computation of slices of OOPs. He pota slices for the particular
object, which is called PSPO,and this PSPO is géeeithrough a generator which is
called GPSPOI[26].
Consider a Java Program

1 public class Examplel {

2 public static void main (String[]) {
3 TreeSet set = new TreeSet();

4  LinkedList list = new LinkedList();
5 Integer |;

6 for(inti=0;i<3;i++){
7 intj=(@*7)% 11;
8 | = new Integer(j);
9 list.addLast(l);

10  set.add(l);

11}

12 }

13}

A GPSPO of the execution trace of the above progrétimrespect to the LinkedList
object created at line 4 is shown below

public class GPSPOL1 {
public static void main (String[] args) {

LinkedList X1 = new LinkedList();
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Integer X2 = new Integer(0);
X1.addLast(X2);

Integer X3 = new Integer(7);
X1.addLast(X3);

Integer X4 = new Integer(3);
X1.addLast(X4);} }

The execution trace of this GPSPO is the PSPOeoétiecution trace of the original
program in with respect to the LinkedList objecbtdl that the GPSPO completely
eliminates the method invocations on the TreeSgeicbb

Sudeep Juvekar,Jacob Burnim and Koushik Sen [28¢sdhe above two challenges
through their implementation in java using the exiemn trace as a input.

2.4 Debugging of OOPs in case of Polymorphism

There are some well defined bugs that may presetitei program. Many researchers detect

the bugs by various techniques. Some possible Bregs

w
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u
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Fig 2.2 example class diagram of program having bugs [29]
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2.4.1 State Definition Anomaly (SDA)

X extendsW, andX overrides some methods. The overriding method¥ fail to define
some variables that the overridden method®/inlefined.W::m () defines v andV::n()
usesw. X::n () usesY::m () does not define .For an object of typea data flow anomaly
exists[29].

2.4.2 State Definition Inconsistency (SDIH)

Overriding a variable, possibly accidentally. lietdescendant’s version of the variable is
defined, the ancestor’s version may not beoverridesiW’s version ofv. Y::m() defines
Y::v. X::n() usesv. For an object of typ&, a data flow anomaly exists and results in a
fault if m() is called, them()[29].

2.4.3 State Defined Incorrectly (SDI)

Overriding a methodn() that defines a variable. The overriding method may define v
incorrectly.W: :n() definesv. X::n() also definew, but incorrectly.For an object of type

a behavioral problem occurs W::m() uses v and assumes it has a value as given in
W::n().

All these bugs are detected by the researchensdaihe actually debugs these bugs.
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Chapter 3

Problem Statement

3.1 Gap analysis

The brief comparison of the proposed methodologh e existing work is given in
form of following table 3.1. The comparative stulglow helps to find out certain

shortcomings in the existing methodologies with panson of the proposed work.

Slicing of object oriented The past approaches compute the slices for OORg usi
programs using dependencearious dependence graphs such as object orieatad d
graphs dependence graph [12]. Computation of slices using
these dependence graphs is very difficult, sincdinse
generate the intermediate representation of thgrano
i.e. the dependence graphs, and then computeities sl
by following the dependencies. The proposed apprpac
computes the slices for OOPs by generating the| d-u

chains of the variables and object used in therprag

Time and space complexityThe time and space complexity of the algorithms

of computing slices computing the slices using the dependence grapphs is

o

much more, so that they are not practically apple
to large programs. Since the proposed approachbtis n
using any dependence graphs, the space complsxity i

much less and time complexity is slightly lesser.

Challenges for computingThe challenges for computing slices of OOPs include
slices of OOPs polymorphism inheritance and constructor. The past
approaches solve the constructor and inheritance
challenges like private constructor and many maee
28, 11]. The proposed approach handles all thalgess
of

Uy

cases of polymorphism and solves all challenge

polymorphism.

Run time behavior oflt is very difficult to predict the run time behaviof
objects in case  dfpointer objects. The past approaches predict timg ru

polymorphism time behavior of the objects by recording execution
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trace or by marking edges in the dependence graphs
[28]. The proposed approach computes the dynamic
slices of the program without recording any exemuti

trace.

Debugging of programs inThere are some well defined possible bugs in|the
case of polymorphism programs having polymorphic behavior. The past
approaches detect these bugs by various methods. Th

proposed approach detects and debugs these bugs,

Table 1: Gap Analysis between the proposed approaand existing approaches

The gaps between the proposed approach and exgiprgaches are the motivation
factors of proposed work.
3.2 Concise Problem Statement
From the above explained gaps our work considt@fallowing activities

= Computation of dynamic slices of the OOPs espgciai case of

polymorphism.

= Detection of possible polymorphic bugs in the pamgr

= Generation of suggestion messages to debug the bugs
3.3 Justification
The proposed approach not only computes the stitdse program but also detects
and debugs the possible bugs in the program. Té@oped approach need not require
generating any complex dependence graph instead,clains, can be used as
intermediate representation of the program, sgtbposed approach reduces the time
and space complexity of computing slices. The gayais in the previous section
shows that the gaps in the existing work are remiove this approach. As per
existing literature there is no such approach, Wwiiomputes the dynamic slices of
OOPs using d-u chains.
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Chapter 4

Proposed Methodology

Debugging is the necessary phase of software dewelot, lots of effort has been
deployed to detect the bug and debug the programgrém slicing aids the

programmer and reduces the debugging effort. Topgsed approach computes the
dynamic slicing of OOPs, detecting the bug and aéshices the time required to

compute the slices.
4.1 System Overview

The system developed is called “Software Debuggeré main works performed by
the system is as follows:-

= Compute the dynamic slices of the OOPs.
= Detect the possible bugs in case of program witiinporphism behavior.

= Generate suggestion messages which may removeghe b

First the debugger compute the slices of the progadter that if the program is
having polymorphic behavior the system detectspib&sible bugs and generate the

suggestion messages.

Slice

Computation

\ 4

Bug

Detection

Suggestion

Messages

Fig 4.1 Workflow of the proposed approach
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4.2 Experimental Setup

The software debugger is developed in c#.net. Mpatiprogram is in C++ language.
The structure of the system is shown in fig 4.2e Kby feature of the system lies in

slice computation which uses d-u chains and othtx structure.
4.2.1 Defined-Used info

This data structure contains the information akalutvariable and objects, defined

and used at each line in main function.

d-u info

string defined;

string used;

4.2.2 Classinfo

This data structure contains information aboutlad functions defined in the class,
their arguments and also whether they are virtuabo.

ClassInfo

string ClassName;
string MethodName;

string MethodNature;

4.2.3 Objectinfo

This data structure contains information abouttal objects defined in the program,

it also have the information about whether the cigpointer object.

Objectinfo

string ClassName;
string ObjectName;

string ObjectNature;

28



Sliced

Program
Defined-used
/ info
Input Program

h J

Bugs

Detected
Classinfo

Y

slicing Criteria Suggestion
Objectinfo Messages

Fig 4.2 Overview ‘@oftware Debugger”

4.3 Proposed Algorithm for Slice Computation

Begin:
for Yae dulnfo

if (a(d) = 0 |la(u) = 0)
S=SUa()
endfor
for ¥ be Objinfo
if (b=0)
S=SUa()
Include_class_structure(b(c))
endfor
for ¥ ce dulnfo
if (c(uw) is method call && e(l) isin S)
CP = check whether the object used is Pointer
CN = find class name of object used
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if (!CP || (CP && address assigned to the object is of its own class))
for V f € methodlist
if(f(c) = CN && f(d) = c(u))
S = S U {all lines of this method}
endfor
else if (function is defined in super class and is non virtual)
S =S U/{alllines of this method in superclass}
else if ( sub class does not have definition of that method)
S =S U{all lines of this method in superclass}
else
S =S U {all lines of this method in subclass}
endfor

Include_class_structure(str)
for VY cle clslist

if (c1(d) = str)
S =S5 U cl1(l),line numbers of opening and closing brace of class c1(d)

if (cl(next)! = NULL inIC)
Include_class_structure(cl(next))
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Chapter 5

Experimental Results

Software testing and debugging is the most timesaming phase of the software
development. Therefore, there is need of technotogupport the debugging phase.
This approach helps the programmer finding bugbheénprogram easily and faster. To

support the proposed approach a GUI tool is deeelap c#.net.
5.1 Slice Computation

The program is browsed and slicing criteria is mxttethe input program is:-

1. #include <iostream> 21. intarea(){

2. using namespace std; 22. int area;

3. class CPolygon { 23. area=width*height/2;
4. protected: 24, return(area);}};
5. int width, height; 25. int main()

6. public: 26. {

7. void set_values(int a,int b){ 27. CRectangle rect;
8. width=a; 28. CTriangle trgl;

9. height=Db;} 29. CPolygon poly;
10. virtual int area(){ 30. CPolygon *ppolyl;
11.  return(0);} }; 31. ppolyl=_&rect;

12. class CRectangle: public CPolygon  32. CPolygon *ppoly2;
13.
t 33. ppoly2=&trgl;
14. public:
34. CPolygon *ppoly3;
15. intarea(){
35. ppoly3=&poly;
16. int area;
36. ppolyl->set values(4,5);
17. area=width*height;
37. ppoly2->set_values(4,5);
18. return(area); } };
38. ppoly3->set_values(4,5);
19. class CTriangle: public CPolygon {
39. ppolyl->area();
20. public:
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40. ppoly2->area(); 42. return O;
41. ppoly3->area(); 43.}

If the slicing criteria is wrong, then debugger Iwgkenerate the warning message,
otherwise the slice is computed, in fig 5.1 usdéeld the wrong slicing criteria, and

system generate a warning message. At every popmwfunction call, the debugger

will tell the user about which function is actuatiglled and ask whether it is correct.
In fig 5.2 the debugger is confirming the validafypolymorphic call.

7 T TS
all Siicing Toal =B 2 |

INPUT PROGRAM COMPUTED SLICE

#include <iostream=//1 il
using namespace std /2

113
class CPolygon /i4
e ‘

m

g i

int width, height;//7
ipG: I public://8
e N - 48 void set_values(int a,int b)/9 ﬁ
{0
:;?gt;zt:ft;ﬂg Wrang Slicing Criteria
¥n3
virtual int area()/f14
s
return(0);//16
yni
18
119
class CRectangle: public
CPalygon //20

Fig 5.1 Debugger generating the warning message

Here user can analyze the run time polymorphic daliser answered in “yes”, then
system will continue computing the slice withouttifier warning, and if user come to
know that this is not the function which is actyatquired to called here then he will
answer in “No”, then debugger will find the bug agidplay that bugged line in red
Fig 5.3 shows the computed slice for the input paogwith the bugged lines shown
in red.
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Enter the Slicing
Criteria
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Variable Name ng
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INPUT PROGRAM

COMPUTED SLICE

using namespace std.//2
3
class CPolygon //4
{15
protected.//6
int width, height,//7
public://8
void set_values(int a,int b)//9

{10
A 'w 1d

#include <iostream=//1 =

warning

===

the method called in line 54 is calling method of class CPolygon is it correct

= w

Fig 5.2 Debugger asking the user wther the polymorphic call is correct

Enter the Slicing
Crteria

Varable Name t@
50

" SidngTool i = [E]
INPUT PROGRAM COMPUTED SLICE

#include <iostream=//1
using namespace std;//2
3
class CPolygon /i4
{115
protected //6
int width, height (/7
public://& —
void set values(int a,int b)//9
{/o
width=a; /11
height=b;//12
¥n3
virtual int area()//14
{ns
return(0):/16
¥ni
Hina
g
class CRectangle: public
CPolygon /20

rirm

| »

Lina
public://22
class CTriangle: public
CPolygon /131
{1132
public://33
int area()//34
{35 =
int area;//36
area=width*height/2.//37
return{area); //38
139
1440
int main() /42
CTriangle trgl/i45
CPolygon *ppoly2;//49
ppoly2==&trgl;//50
ppoly2->set_values
(4,5);//54
ppoly2-=area();//57

m

160 =

Fig 5.3 Debugger showing the buggedédisiin red
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5.2 Slice Computation of bugged Program

Whenever Debugger detects the bug in the inputranaglebugger generate some

suggestion messages which can help the progranomembove those bugs.

5.2.1 Input Program with Bug State Definition Anomdy (SDA)

Here in fig 5.4a Debugger generates the messageirgipdhe details of the bug

present in the input program.fig 5.4b shows thegeagjon messages generated by the

™

Debugger.
[ 53 Sticing Tl =6 B
[ Browse | INPUT PROGRAM COMPUTED SLICE

Enter the Slicing
Criteria
trg
50

Generate Slice

Line Number 54 is
removed which generate
the Bug State Definition
Anomaly

é,_wsﬂ,
ppoly3->set_values(4,5),/55

Fs

[

|| thevariable "width" used in line number "37" is defined in the function
|| "set_values” of class " CPolygen " which is not yet called

ppolyl-=set_values(4 5)./53 [

ppolyl-=area(};//56
ppoly2-=area(),//57
ppoly3-=area(}.//58
return 0;//59

160

L]

Fig 5.4a Debugger showing details of the bug SDA present in the input program

P

o5 Suggestions

BEUG:-

SUGGESTIONS:-

the variable "width" used in line number "37" is
defined in the function "set_values” of class "
CPolygon " which is not yet called

ppoly2-=set_values(argl,arg2,);

Fig 5.4b Suggestion messages for bug SDA
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5.2.2 Input program with Bug State Definition Incorsistency (SDIH)

Here in Fig 5.5a Debugger displays the details h&f bug present in the input
program, and also conforming whether it is bugher aser willingly want to declare

overridden variable locally.

-

in the original input {1136
program which cause the e'— int area, (/37

finiti area=width*height/2,//38
B3 St?te X A return(area); //39
Inconsistency }i40

L

1142

S aan

& Siicing Tool =B8] %
INPUT PROGRAM COMPUTED SLICE
“public:/23 -
Enter the Slicing WARNTC ——
Criteria
v — the function "area” called in line number "58" is defining the overriding variable
Variable Name Rii| "area" this will give value to the local variable "ARE YOU WANT TO DEFINE THE
- LOCAL VARIABLE"
51
i Generate Slice I
‘public://34
Line Number 37 is added int area()//35

Fig 5.5a Debugger showing details of the bug SDIH present in the input program

Fig 5.5b shows the suggestion messages generatbd dgbugger which may help in

removing the state definition inconsistency.

~

BUG:-

the method "area" called in line number "58" is
defining the variable "area" which will assign the
value to the variable declared locally in that function

SUGGESTIONS:-
remove the line locally deeclaring the variable

AL 1w

ared .

Fig 5.5b Suggestion messages for bug SDIH
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5.2.3 Input program with Bug State Defined Incorretly (SDI)

Here in Fig 5.6a Debugger displays the details h&f bug present in the input

program, and also confirms whether it is bug or @lker willingly want to define

overridden variable differently in both classes.

.
a5l Slicing Toal

Enter the Slicing
Criteria
trg
52

Generate Slice

Line Number 17 is added in
the original input program
which cause the Bug State
Defined Incorrectly

. =8| &’
INPUT PROGRAM COMPUTED SLICE
using namespace std;//2 -
3 W
o warninG ==

1

REALLY WANNA DEFINE IT DIFFRENTLY

the variable "area” defined in line number "38" is also defined in the class "
CPolygon " which is assigning some diffrent value to the variable "ARE YOU

14
virtual int area()//15

{ine

e 3 r23=0),//17

return(0);/18
19
120
121

alace MO entanalas noaklia

Fig 5.6a Debugger showing details of the bug SDI present in the input program

Fig 5.5b shows the suggestion messages generatbd dgbugger which may help in

removing the bug

o5 Suggestions

[

BUG:-

NSUGGESTIONS
1:remove the line "38"

the variable "area" defined in line number "39" is also
defined in the class " CPolygon " which is assigning
some diffrent value to the vanable

2-remove the line number "59"
J-assign the same values in both line numbers

Fig 5.6b Suggestion messages for bug SDI
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5.2.4 Input program with Parameter mismatch Bug

It may be the case that user passed the wrong argerat run time which can result

in the parameter mismatch bug, Fig 5.7a presem@soch example.

-

Generate Slice

0 Slicing Tool ” =B %
Il Browse | INPUT PROGRAM COMPUTED SLICE
return{wiain = neigni/ £), .‘ |
1134 —
: . ]
Enter the Slicing 11136
Criteria 1137 . : .
: . arguments passed in line number 50 not matching for the function
. e int main() /381 | cpolygon.set values
Varnable Name Rip| {1139
—_— CRectangle rg.
46 CTriangle trgl
s,

CPalygon *py =
ppoly1=_&rect/
CPolygon *ppoly2;//45
ppoly2=_&trgl.//46 i
CPolygon *ppoly3,//47
ppoly3=&poly;//48
ppolyl->set_values(4 5).//49
ppoly2->set_values(4,5).//50
ppoly3-=set values(4.5),/51
ppolyl1-=area();//52
ppoly2-=area();/(53
poolv3->areal):/i54 B

m

Fig 5.7a Debugger showing details of the bug Reneter Mismatch

Fig 5.7b shows the suggestion messages generatbd dgbugger which may help in

removing the bug

Mo - - -
sl Slicing Tool "E‘ e

BUG=-

Vanable Name

\

Generate Slis II

arguments passed in line number 50 not matching

arguments are to be passed as "char argl,int arg2"

COMPUTED SLICE

height=b;/12 =
W3
Hina
public:/i22
class CTriangle: public
CPolygon /29
44730 —
public://31
int area()//32
11133
return{width * height / 2); //34
W35
Y4136
int main() /38
CTriangle trgl,//41
CPolygon *ppoly2;/i45
ppoly2=_&trgl;//46
ppoly2->set_values
(4,5);/150
ppoly2-=area(),//53

m

156 =

Fig 5.7b Suggestion messages for bug and the bugged lines in red
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Chapter 5

Conclusion and Future Scope

Software testing and debugging is the most expereid time consuming task of the

software development. The proposed method comghtesiynamic slicing of the

object oriented programs which can reduce the torsumed by debugging. The

main contribution of this work is computation ofrdymic slices of OOPs, detecting

Bugs and generating suggestion messages. The w@pnbution of this work is

given below:-

5.1 Conclusion

The past approaches use various dependence gaaghs fntermediate
representation of the program. These dependenpageae complex to
generate, the proposed approach generate d-u @dsathe intermediate
representation of program. The space complexith@proposed data
structure is lesser than the dependence graphs.

The past approaches identify and detect bugs présehe program but no
one actually locates and debugs the bugs. The pedpapproach detects and
locates the bugged line and also generates theestigg messages which can
actually debug the program. As the tool automdyicdétects the bugs present
in the program, it reduces the effort requirediémating the bugs

5.2 Future Scope

This technique further can be extended to solveeraballenges of OOPs like
private constructor and destructor etc.

Further work can be done in the direction of deétgcmore possible bugs and
generating suggestion messages which can helpréigeapnmer to debug the
program faster.

This approach can further be extended for othezatlgriented languages like

java.
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