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Abstract (English)

One important aspect in the software development life cycle is software testing. By software testing,
the application is executed with the goal to detect early stage development errors, i.e., detect failures
through test case execution. In his book [125], Myers states that half from the time invested in the
process of software development is later invested in software testing. One can apply testing at different
stages from the development process of a software application.

The history of testing dates long time ago. It officially starts in 1947, when the researcher Grace
Murray Hopper introduces for the first time the notion of bug, due to problems encountered while
working on a Harvard Mark II computer. Nevertheless, for a long period of time there was no clear
difference between debugging and testing. It was only in 1957 when software testing started to dis-
tinguish itself from debugging. Myers is the first who defines the clear separation of testing from
debugging, introducing the definition for software testing, which is still used nowadays [125].

The research work herein concentrates on software testing, more particularly on mutation testing.
Mutation testing is a fault injection testing technique, where faults are deliberately injected into the
original software application to measure the effectiveness of the available test suite. These faults are
introduced by means of different mutation operators, producing thus several mutated versions for an
application. The test suite pool is run against all the mutated version and a metric, i.e., mutation score,
is computed to evaluate the effectiveness. Two major drawbacks appear in mutation testing: time
complexity, due to the high computation time needed to run all the mutants, and equivalent mutants.
Equivalent mutants are versions of the original software application which semantically behave the
same with the original program, but syntactically they differ. This is one important problem, which
we aim to overcome in our research.

The work presented here aims to come up with a reliable solution for the automated testing process.
We make use of a constrained based approach for test case generation. We extend the work, taking
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Abstract (English)

benefit from the debugging process, which is the next phase after a fault has been detected, i.e., after
the process of software testing. We can thus model the research idea as a constraint satisfaction
problem, deriving a more effective solution.
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Abstract (German)

Ein wichtiger Aspekt im Software-Entwicklungs-Lebenszyklus ist Software Testen. Durch Software
Testen wird die Anwendung mit dem Ziel ausgeführt, frühe Entwicklungsphase-Fehler zu erkennen,
d.h., Fehler durch Testfallausführung zu erkennen. In seinem Buch erklärt Myers [125], wie die Hälfte
der in den Software-Entwicklungsprozess investierten Zeit später in Software-Testen investiert wird.
Man kann Tests in verschiedenen Stadien des Entwicklungsprozesses einer Software-Anwendung ein-
setzen.

Die Geschichte des Testens begann vor langer Zeit. Es war im Jahr 1947, als die Forscherin Grace
Murray Hopper zum ersten Mal den Begriff Bug einführte, auf Grund von Problemen, die während
der Arbeit an einem Harvard Mark II-Computer auftraten. Dennoch gab es für eine lange Zeit keinen
klaren Unterschied zwischen Debuggen und Testen. Erst mit dem Jahr 1957 begann Software-Testen
sich von Debugging zu unterscheiden. Myers ist der erste, der die klare Trennung zwischen Testen
und Debugging definiert, durch die Einführung der Definition für Software-Testen, die noch heute
verwendet wird Myers [125].

Die Forschungsarbeiten hierin konzentrieren sich auf Software-Testen, insbesondere auf die Muta-
tionstest - Methode. Mutation-Testen ist eine Fehlerinjektion-Testtechnik, wo Fehler absichtlich in die
originale Software-Anwendung injiziert werden, damit man die Wirksamkeit des verfügbaren Test-
pakets messen kann. Diese Fehler werden mittels unterschiedlicher Mutationsoperatoren eingeführt
und damit werden mehrere mutierte Versionen für eine Anwendung erzeugt. Der Test-Suite Pool wird
gegen die gesamten mutierten Versionen ausgeführt und eine Metrik, d.h., der Mutation Score, wird
berechnet, um die Wirksamkeit zu bewerten. Zwei wesentliche Nachteile treten bei Mutation Testen
auf: Komplexität, aufgrund der hohen Rechenzeit, die benötigt wird, um alle Mutanten laufen zu
lassen, und äquivalente Mutanten. Äquivalente Mutanten sind Versionen des Originalprogramm, die
sich semantisch gleich wie das ursprüngliche Programm verhalten, sich aber syntaktisch unterschei-
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Abstract (German)

den. Dies ist ein wichtiges Problem, das wir in unserer Forschung überwinden wollen.

Die hier vorgestellte Arbeit zielt darauf ab, eine zuverlässige Lösung für den automatisierten Test-
prozess zu erhalten. Wir nutzen einen Constraint-basierten Ansatz für die Erzeugung von Testfällen.
Wir erweitern die Arbeit, wobei wir vom Debugging-Prozess profitieren, der die nächste Phase ist,
nachdem ein Fehler erkannt wurde, d.h., nach dem Prozess des Software Testen. So können wir das
Forschungskonzept als Constraint Satisfaction Problem modellieren, sodass eine effektivere Lösung
abgeleitet wird.
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Chapter 1
Introduction

”A clever person solves a problem. A wise person avoids it.” - Albert Einstein

1.1. Motivation

An important phase in the development life cycle of an application is the testing process. Through
testing, the application is executed with the goal to detect early stage development errors, i.e., de-
tect failures through test case execution. Testing can be done in different stages of the development
process.

It is essential to understand that testing means identifying defects (through one or several failing test
cases), and debugging is locating and fixing the identified defects. It was only when problems to the
Harvard University Mark II Aiken Relay Calculator, revealed a moth blocked in one of the computer
relays, that the researcher Grace Murray Hopper introduced officially, for the first time, the notion
bug 1.1. Debugging can be seen as a consequence of testing. Therefore, deriving an efficient testing
phase is of high importance. For example, in February 2008, because of a system update, a software
error occurred at the automated baggage sorting system from the Heathrow Airport; thousands of
people were not able to check in their baggage. Due to a non treated exception for a floating-point
error, when a 64-bit integer was converted to a 16-bit signed integer, in June 1996, the first flight
of the European Space Agencys Ariane 5 rocket failed immediately after launching. The estimated
loss was of a half billion US dollars. In October 1999, NASA lost 125 million US dollars due to
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Chapter 1. Introduction

Figure 1.1.: First Bug
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1.2. Problem Statement

computations performed in yards and not in meters, by the spacecraft software. As a consequence,
an interplanetary weather satellite was lost in space. Besides the tremendous financial losses, even
more critical are the human loses that are induced by different types of software failures. In 1985 and
1986 people died because of the Therac-25 Medical Accelerator. Therac-25 was a machine used as
radiation therapy in cancer diagnostics. Due to code reuse, from a previous version, and, therefore,
not treated arithmetic overflows, the machine caused an overdoses of unfiltered and unshielded X-
rays, producing thus radiation poisoning. In February 1991, 28 US Army soldiers die in Saudi Arabia
- Dhahran, due to a barrack hit from an Iraqi Scud. This happened due to a software error of the
system clock inside the Patriot defense system. It was a Patriot missile battery which has functioned
constantly for more than 100 hours, and the internal clock of the system has deal with an accuracy
loss of one third of a second. The defense system failed to detect the Scud missile. These are between
the most common software errors. But we can track more and more similar errors, in different activity
areas. Therefore special attention must be given to the software testing phase - especially when
considering critical embedded systems; it is a complex process, involving a through planning, training
and execution. It has been proven that even today more that 50 percent from the software activity
is taken by the modification phase [125]. Manual testing is tedious and error prone, therefore a fair
solution is automatic testing. Testing can be done considering the tester/programmer’s experience,
considering the software structure or the functional specifications, at every level from the development
life cycle of an application.

The work presented here aims to come up with a reliable solution for the automated testing process,
by considering a fault injection approach. We make use of a constrained based approach for test
case generation. We extend the work, taking benefit from the debugging process, which, as already
presented in the beginning, is a continuation of the testing process.

1.2. Problem Statement

Given a program P or a set of specification Spec of a system S, a test suite TS and a set of properties
Prop for the system, which must hold over the program P, correspondingly over the set of specifica-
tions Spec, we intend to

1. Check if TS is complete through fault injection ,i.e., assess the quality of the available test suite;

2. If TS is not complete:

11



Chapter 1. Introduction

• Verify if we deal with dead code or not treated exceptions/parts of the code, or

• Enlarge the test suite, with new test scenario, through a constraint based approach;

3. Extend the testing procedure to debugging and help in the diagnosis process;

4. Detect semantically equivalent versions of the software, which can result from the fault injection
strategy.

1.3. Contribution

There are a lot of research studies which are based on mutation testing, when searching for a method
to assess the test set quality [86]. The work presented here has as main goal the improvement of the
testing process, by using mutation testing for the test case reduction, and also generation, process.
Mutation testing is combined together with the constraint satisfaction problem, to allow for an early
detections of those equivalent programs, models of the original available source. The technique and
the algorithms will be described in detail, and an automated tool is proposed. An automated process
can significantly reduce the manual, both human and resource, effort.

The current thesis was constructed having as basis the below listed publications:

• Challenges in Applying Mutation Analysis on EJB-based Business Applications [134];

• Does testing help to reduce the number of potentially faulty statement in debugging? [127];

• Using Distinguishing Tests to Reduce the Number of Fault Candidates [128]

• Improving the Mutation Score by Means of Distinguishing Test Cases [132]

• On the Improvement of the Mutation Score Using Distinguishing Test Cases [131]

• Constraint-Based Debugging Combining Mutations And Distinguishing Test Cases [202]

• Is Mutation Testing Scalable for Real-World Software Projects? - A Case Study on Eclipse
[135]

• Detecting Equivalent Mutants by Means of Constraint Systems [133]

• On the Use of Mutations And Testing For Debugging [129]

• EqMutDetect A Tool for Equivalent Mutant Detection in Embedded Systems [136]
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1.3. Contribution

• Using Constraints for Equivalent Mutant Detection [137]

The thesis is organized as follows. In Chapter 2 we describe the available software testing tech-
niques. In 2.1, we give an overview of the basic technical notions we use. We describe the basis
of the mutation testing technique in Chapter 3. The main goal of our research is towards test case
generation. In Chapter 4 we propose a test case generation method, by making use of the information
we receive from the debugging process - Section 4.3, and then by eliminating the equivalent mutants -
Section 4.4. A second direction of our research, from an end user point of view, is detailed in Chapter
5. Chapter 6 will conclude the research work, giving an overall overview on the improvements, but
also on the still opened questions and future steps to follow.
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Chapter 2
Software Testing

”Testing shows the presence, not the absence of bugs” - Edsger W. Dijkstra.

Software can be found in almost every system of our society, starting from a simple life routines,
e.g., a remote control, a microwave, a music station, and going to a person’s daily activities, e.g., a
cell phone, an ATM, to more complex and critical systems, e.g., embedded software: traffic control
systems, avionics, railway transport systems, automotive industry, etc. Therefore testing the software
is, in many situations, of vital importance. A software product is normally developed accordingly
to a software development life cycle. Many models of software development are available in the
literature and the choice of one model depends on the organizations involved in the process. A model
encapsulates all the phases of the product, from its early concept until maturity. Each model has its
advantages and its drawbacks:

1. In the general mode, each development phase depends on the previous one.

a) Requirements design phase. Project managers work together with the stake holders, e.g.,
the end users, and set up a well defined list of requirements the product should fulfill, i.e.,
who are the end users of the system, what is the input, what information must come at the
output, etc. The goal is to obtain the behavioral application.

b) The design phase comes right after the requirements definition step. During this phase,
one or more software architects determine how the system will actually work, i.e., com-
munication between modules, create the model of the application (UML diagrams).
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c) After the design is complete, the implementation takes place.

d) Testing represents verifying that what was described in the requirements phase was cor-
rectly implemented.

2. But the most common model is the waterfall model. Usually this is recommended for small
applications. The difference from the above presented model is that after each phase is ended,
there comes also a review process in order to check if the software is growing accordingly to its
trajectory. This model is quite intuitive and easy to use, but, as each phase must be completed
and checked, problems might appear when a change in the software is needed. Therefore this
suits well for systems with a reduced risk.

3. V Model. This is similar to the waterfall model (sequential execution of paths). But here
the testing phase is conducted before the implementation takes place,i.e., to each development
phase it corresponds a testing phase. Also this model is quite easy to use and because of each
testing step, it can be more successful than the above presented model. But this model, too, is
not flexible and suffers from the same drawback as the waterfall model.

4. Incremental Model can be seen as a multiple waterfall model. Each phase from the develop-
ment life cycle is done in an incremental manner. In this model, after the development phase is
completed, regression testing comes next, making thus easier the testing process.

5. Spiral Model. This model combines the phases from the waterfall model with the prototypes
of a product, i.e., with the iterative development of the software product. The spiral model is
designed for large and complex software projects.

In the literature there are many models for the development life cycle of an application, e.g., iterative
model, agile software development model, dual Vee model, rapid application development (RAD
model), extreme programming (XP), etc. Throughout this research thesis, we will always refer to
the V model for the software development life cycle. As we can observe from the above model
description, different development phases exist. Each development phase has associated a specific
software testing phase:

• Unit testing - deals with testing the implementation.

• Component(Module) Testing - test the detailed design of each software component / module.

• Integration testing - test the application with respect to the modules interaction, with respect to
the specifications.
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Figure 2.1.: V Software Development Model

• System testing - test the design of the entire software system, according to the defined require-
ments.

• Acceptance testing - test the software requirements, according to what was established together
with the customer, in the contract.

A brief representation of this model is depicted in Figure 2.1.

When starting the testing process, the test design technique plays an important role. This is due
to the fact that we will never be able to produce exhaustive testing, and therefore we must create, as
much as possible, a minimum set of test cases with the highest impact in detecting faults. Depending
on the exact method used for testing, we can have the following software testing design methods:

• Manual testing: the testing strategy is manually conducted, i.e., searching for failures is manu-
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ally run.

• Automated testing: tests are created, executed, interpreted (test results) automatically through a
software tool, i.e., it represents the automation of the manual testing process.

• Black box testing: the source code is not available to the tester. The testing process is guided
only by the software’s specifications.

• White box testing: also called glass-box testing, has the property that the tester has access to
the complete source code of the program.

• Gray box testing: information about the structure of the program are known but no information
about the actual source code, e.g., pre- and post-conditions for a method.

All the last three testing methods, can be either manually or through an automated process
conducted.

If we consider the type of testing we design, i.e., the reason a user conducts a testing process, and
also the software applicability, we can do:

• Functional testing: black box testing process. Tests are designed according to the specifications,
i.e., test the functions by providing the input and checking the output; both input and output
must be compliant with the specifications of the software.

• Regression testing: testing procedure in which only the modified software is re-tested, i.e.,
fixing a bug will not trigger new errors.

• Usability testing: it is usually conducted by the users, i.e., how will the users be able to use the
software application. This is a black box testing technique.

• Performance testing: verifies the stability and response times of a system.

• Load testing: assumes to test a system, by causing a high demand on it; for example simulate
the concurrent access to the application of multiple users.

• Conformance testing: test if the system is compliant with the defined standards for that system.
For example, the telecommunication industry has some protocol standards it must fulfill.

• Security testing: tests that the information from a software system will be protected, i.e., au-
thentication information, confidentiality of the users, tests authorized operations, etc.

• GUI testing: responsible for testing the graphical user interface, with respect to the specifica-
tions.
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• Installation testing: it is oriented more towards the quality assurance area. Checks if there are
available all the features for installing and running the product.

• Acceptance testing: test in order to establish whether the software implements the desired re-
quirements.

In the selection of the techniques we theoretically introduced, but also the definitions, we make use
of the notions and methods described by the authors in [171] and [125].

2.1. Basic Definitions

In this section we will present the definitions of all the notions we will use throughout the current
work. We base our definitions on [127, 125].

Definition 1 Verification represents the process which checks if at a give phase of the development
life cycle, the software is compliant with what is supposed to do, i.e., answers the question if the
software product was right developed.

Definition 2 Validation is the process conducted when the development has been finished and it en-
sures that the software was developed according to the initial specified requirements, i.e., answers the
question if the right software product was developed.

Definition 3 Fault. A fault or a bug is defined as a defect in the source source, i.e., a certain software
doe not succeed to achieve its functionality.

Definition 4 Error An error appears as a consequence of a fault, and this is due to the incoherence
from the source code when compared to the specifications.

Definition 5 Failure. A failure appears when a requirement is not fulfilled, as a difference between
the expected behavior and the actual obtained result. The source of a failure is the error, which is
triggered by a fault.

Definition 6 Testing. Represents the process through which a error is revealed in a program, by
executing the program against a well defined set of test cases. According to [125], testing is ”the
process of executing a program with the intent of finding errors”.
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Definition 7 Debugging. The concept refers to localizing and correcting faults revealed through
software testing. An important observation: testing is not debugging and debugging is not verification.

Definition 8 Test goal. A software test goal refers to the testing state that a software system must
fulfill, i.e., verification, validation, testing traceability.

Definition 9 Oracle. An oracle is a procedure used in software testing to establish whether a test
passed or it has failed. For the given inputs, the outputs resulted from testing are compared with the
outputs computed by the oracle, for those given inputs. Oracles can be represented by specifications,
documentation, the human judgment, heuristic oracles, etc.

Definition 10 Test Case We define a test case for a program Π as a set (I,O) where I is the input
variable environment specifying the values of all input variables used in Π, and O the output variable
environment. If no output variable environment is specified, we set O to /0.

A failing test case is a test case for which the output environment computed from the program P,
executed over input I, is not consistent with the expected output. Otherwise, the test case is said to be
a passing test case.

A test suite T S for a program Π is a set of test cases for Π.

Definition 11 Distinguishing Test Case Given programs Π1 and Π2. We say that a test case (I,O) is
a distinguishing test case, if the output variable environments computed by Π1 and Π2 using the same
input I are different.

Definition 12 Test Script. We define the test script as an automated test case, which will produce a
report when executed against the software.

Definition 13 Mutation Operator. According to [7], a mutation operator is ”a rule that specifies
syntactic variations of strings generated from a grammar”.

Definition 14 Mutant Given a program Π and a statement SΠ ∈Π. Let S′
Π

be a statement that results
from SΠ when applying changes like modifying an operator or a variable. Then, program M is the
mutant of program Π with respect to statement SΠ, obtained after replacing SΠ with S′

Π
. Thus, the

mutant results after there are applied one ore several mutation operators.
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For the original program in Figure 2.2, a mutant is the program from Figure 2.3, which is obtained by
replacing the relational EQUALS operator with GREATER OR EQUALS relational operator.

Definition 15 Equivalent Mutant Given a program Π, and one of its mutants M. We say that M is an
equivalent mutant if semantically M behaves exactly like Π. If we consider the distinguishing test case
definition, then for an equivalent mutant we will not detect a test case, able to point out the difference
between the original program Π and its corresponding mutant, M.

int a, b;

int compute;

if (a == b)

compute = a;

return compute;

Figure 2.2.: Original Program

int a, b;

int compute;

if (a >= b)

compute = a;

return compute;

Figure 2.3.: Mutated Program

2.2. Software Testing Techniques

2.2.1. Black Box Testing

The black box testing design technique is also known as input/output driven or data driven testing
[125]. The test data will be derived using only the specifications of the software, and the tester
will treat the software as a black box, where only the inputs and the expected behavior are known,
but not the internal structure of the software, i.e., the tester will do not have access to the software
implementation. In black box testing the accent relies on the software quality of the system. Usually,
tests developed under this design technique can be reused. But when trying to detect all the errors of
a software product through black box testing, we have, in most cases, an exhaustive testing process,
unless a well defined fault model is available. If we were to use only black box testing, practically
we would have to verify every input condition. In most of the situations, this is quite problematic and
impossible. Consider, for example, software where database transactions are involved, i.e., a railway
train reservation system. In these situations, the current transaction will always depend on what it was
done in the previous ones. In our case, it is equivalent to testing all transactions, valid or not valid.
Therefore, as we said earlier we must use a finite, not too big, number of test scenarios through which
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we could detect the maximum of errors. Mainly, in black box testing, we search for errors with respect
to behavior, initialization, missing functions, access to a database. Black box testing can be applied at
the following testing levels: unit testing, integration testing, system testing and acceptance testing.

Equivalence Class Partitioning

Principle: Organize the input data of a module in partitions, gathered from the requirements, then
generate test cases to cover the resulted partitions. The partitions subsets represent the equivalence
classes.

According to [125], the equivalence class partitioning method must satisfy two properties:

• Must reduce at least by one the total number of test cases that need to be developed, in order to
fulfill a certain testing criteria;

• Must cover a set of other possible tests.

When establishing the equivalence classes, each input condition is split in subclasses. Then there
are determined the condition and the valid and invalid classes of equivalence. Tests must be designed
for both the valid and invalid equivalence classes. By invalid classes we understand invalid input data,
i.e., error prone. After establishing the equivalence classes, test cases are created to cover as many as
possible classes of equivalence, until all the valid and invalid equivalence classes were covered.

Example

For a given university lecture, a student obtains one grade for the laboratory and one for the written
examination (grades are positive integer numbers). The final node will be the sum of the two grades,
where the examination grade is in the range 0..70 and the lab in the range 0..30. The grade must
be in the range A..C, where A is excellent, B is satisfactory and C is insufficient. Let us denote by
SumGrade, the final score a student obtains when summing the two grades and by FinGrade, the
resulted grade range. Then, we say that:

• If SumGrade ≥ 85, then FinGrade is A

• If SumGrade < 85 and SumGrade ≥ 65, then FinGrade is B

• If SumGrade < 65, then FinGrade is C.

Whenever an error appears, e.g., the grade is not in the above defined limits, then an error message
must be triggered.
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Valid Input Partitions Invalid Input Partitions
0 ≤ ExamGrade ≥ 70 ExamGrade > 70
0 ≤ LabGrade ≥ 30 ExamGrade < 0

LabGrade > 30
LabGrade < 0

ExamGrade is real number/ExamGrade is string
LabGrade is real number/LabGrade is string

Table 2.1.: Input Partitions

Valid Output Partitions Invalid Output Partitions
A: FinGrade = A when: 85 ≤ SumGrade ≤ 100 ≤ ExamGrade ≥ 70 FinGrade = D

B: FinGrade = B when: 65 ≤ SumGrade < 85 FinGrade = A- or FinGrade = A+
C: FinGrade = C when: 0 ≤ SumGrade < 65 FinGrade = null

ErrMSG when: if SumGrade > 100 or SumGrade < 0

Table 2.2.: Output Partitions

Let ExamGrade be the examination grade and LabGrade the laboratory grade. The identified in-
put partitions can be observed in Table 2.1. The first column from the table depicts the valid input
partitions and the second, the invalid ones.

Let ErrMSG be the error message, obtained when the final grade is outside the range, and SumGrade
= LabGrade + ExamGrade. The identified output partitions are described in Table 2.2. Similar to the
input partitions table, the first column denotes the valid output partitions and in the second one we
show the invalid output partitions.

Totally, we can depict 17 equivalence classes. We can generate a test case for each equivalence
class, resulting thus 17 test cases, or we can try to obtain a smaller, minimum, number of test cases
with which to cover all the equivalence classes, i.e., a test case might cover one, two or more equiva-
lence classes, so that we have a minimum test suite. In Table 2.3 we can see the minimum set of test
cases we need in order to cover all the equivalence class partitions.

Boundary Value Analysis

In boundary value analysis, the test cases should explore those values situated at the border of the
input domains, but also outside, i.e., above and beneath the border. Boundary analysis applies not
only over the input domains, but also over the outputs, i.e., test cases should try to simulate values
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outside the expected limits. If we take into consideration the equivalence partitioning class, in bound-
ary value analysis, test cases must consider the limits of the input and output equivalence classes.
Designing boundary value analysis test cases depends much on the tester’s experience and creativity.
Nevertheless, some common situations involve:

1. For the input domain; if there is available a set of values, tests need to be done for the first and
the last element of the domain, and also tests with invalid input values, i.e., just beneath the first
element and above the last element;

2. In what concerns the output information, try to apply the same procedure, whenever this is
possible.

If we consider the equivalence classes identified in the example from the previous sub-section, we
need to write tests for each input and output classes of equivalence, both valid and invalid values. For
example, for the input domain, we must have a test case that verifies the boundaries and the case when
ExamGrade is less than 0 or above 70. The same states for LabGrade (smaller than 0 and greater than
30): ExamGrade == 0, ExamGrade == 70, ExamGrade == -1 and ExamGrade == 71

A recommended testing practice is to combine this technique with the equivalence class partitioning
technique, as it might help in revealing faults [171].

State Transition Testing

The state transition testing method is based on the concept of state diagrams. In this type of testing, we
start from an initial state and, depending on the triggering events, we take different state transitions,
reaching the end state. For this type of testing, one should be able to model the system under test as
a finite state machine (state diagram), with inputs and outputs, where the nodes represent the states
and the connection between nodes depict the transitions. A final state machine, according to Beizer’s
definition, is an ”abstract machine (e.g., program, logic circuit, car’s transmission) for which the
number of states and input symbols are both finite and fixed. A finite state machine consists of states
(nodes), transitions (links), inputs (link weights), and outputs (link weights)” [12].

In state transition, we can work either with abstract models or with more detailed ones, depending
on the level of abstractization or elaborateness of the system under test. As critical or important the
system is, as much the level of detail will increase. This is one important asset of this strategy. As
already written above, four characteristics define a state transition:
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1. The system states;

2. The transitions among the states;

3. The transitions trigger events;

4. The resulted actions.

Testing works according to a well defined testing criteria. A transition must execute, at least once,
the specified behavior. For an easy identification of the test situations, the state machine can be
translated into a tree of transitions. This procedure can be successfully used in system testing; a good
example towards this method, is testing a graphical user interface, which can be easily represented as
a finite state machine. In deriving the test suite, the tester must know, in advance, the initial state of
the system, the inputs for testing, the expected output and the final state. A complete testing is done
when we have reached, at least once, every state of the finite state machine and we have executed,
at least once, each transition; also, every transition, which broke the specifications, must be verified.
The technique is specific to functional testing.

Let us consider a money withdraw example with the PIN entering operation, from Figure 2.4.
Mainly this contains: card insertion, PIN entering, PIN OK or Wrong PIN. In order to derive the test
cases, we must take into account the following scenarios:

1. Normal PIN entering operation: PIN is correctly typed from the beginning;

2. Wrong PIN entered three time; this results in blocking the card, i.e., ”eat the card”;

3. PIN entered correctly at the second /third attempt;

4. Request account information.

Each transition, but also each state, might represent a test condition. In state transition, the testing
all functions must be properly planned, i.e., executed. The completion criteria in state transition
testing requires that each state is reached at least once and each transition is executed at least once,
and also every property, which breaks the specification, is verified. This technique is suitable for
deriving system testing.

Cause-Effect Graphing and Decision Table Technique

This technique extends the previous one, by taking into account the input dependencies and their
influence on the outputs, i.e., the relation between a cause and its effect over the system is represented
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Figure 2.4.: State Transitions for an ATM PIN Entering Operation

Cause No.1 No.2 No.3 No.4 No.5
Valid Card 0 1 1 1

Correct PIN - 0 0 1 1
PIN typed wrong 3 times - 0 1 - -

Amount available - - - 0 1
Effect

Reject card 1 0 0 0 0
Enter new PIN 0 1 0 0 0

Retain card 0 0 1 0 0
New amount 0 0 0 1 0

Retrieve money 0 0 0 0 1

Table 2.4.: ATM Decision Table

as a cause effect graph. Specifications can be used for cause identification. A cause is a condition and
each condition is connected with the others by means of logical operators, e.g., AND, OR. The results
of these conditions represent the effect. If we consider the example from the previous section, we can
identify as causes (conditions) the validity of the card and of the PIN code, and also the sum to be
taken from the ATM. As an effect we have an invalid card, i.e., a rejection operation, an incorrect PIN
entered or wrong PIN format or an withdrawal operation, for the needed sum.

Figure 2.5, depicts this situation. In order to derive the test cases, the graph can be displayed as a
decision table, with inputs and effects. A column from this table will be a test case. For our example,
we can observe Table 2.4. The test criteria requires that, at least once, each column is considered.
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Figure 2.5.: Cause Effect Diagram for Money Withdraw

Use Case Testing

In order to define the use case testing, we define what an use case is. According to Wikipedia, ”A use
case is a description of a systems behavior as it responds to a request that originates from outside of
that system (the user).” The end user depicts how he/she will communicate with the software system,
by defining a sequence of interactions. Such an interaction, which an end user takes to achieve a final
goal, is called a use case of the system. For a sequence, several paths to follow might be selected.
Each such a path represents a use case scenario [171]. In use case testing, pre and post conditions
must be taken into consideration. For example, consider the case of an ATM and suppose a person
wants to make a money withdrawal. One first pre condition is to make sure that the person uses a valid
card. An immediate post condition is the pin request operation. An extract of an use case diagram can
be observed in Figure 2.6. This represents a use case scenarios. In case of use case software testing,
the test cases will result from the different test scenarios, but for each use case test it must exist a start
point, the pre-conditions, different conditions, expected results and the post-conditions. We assume a
normal operation, where the user enters the PIN correctly.

This testing method is applied with success in acceptance testing, but also in system testing. One
stopping criteria, in case of use case testing, is when at least all possible sequences have been tested
at least once.
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Figure 2.6.: ATM Use Case Example
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Other Black Box Testing Techniques

The techniques shortly described above are among the most widely use black box testing techniques.
There are , still, some other black box testing strategies. Consider, for example, smoke testing or
random testing. Smoke testing deals more with that type of testing which takes care that the most vital
functionalities of a software work properly; it does not concentrate on the smaller details.According
to the Institute of Electrical and Electronics Engineers, i.e., IEEE, a ”daily build and smoke test is
among industry best practices” [119]. Random testing, a type of functional testing, is not considered
as a reliable software testing method. It consists in generating test cases, based on random generation
algorithms, e.g., using as a criteria different coverage measures. Nevertheless, the authors in [53]
evaluate this technique and demonstrate that it can help in discovering subtle errors with a small
effort.

2.2.2. White Box Testing

Unlike black box testing, in white box testing the tester will have access to the internal structure(design
or implementation), e.g., software implementation of the program [171, 125]. As this design technique
deals with the effective structure of the program, it is also known as structural testing. When using
this design test technique, all the source code must be executed, but the obtained results must be
compared against the requirements or the specifications. Due to the fact that all the source code
must be executed and, therefore, covered, it can be a more precise design technique. There are some
drawbacks the user must take care of. For complex tests, it is mandatory a strong knowledge of the
implementation and also of programming. Since tests can be very complex, highly skilled resources
are required, with thorough knowledge of programming and implementation. Also, in case changes in
the implementation are often, then test maintenance can become difficult. In this testing strategy, there
can also be a code inspection, i.e., code review, process conducted. This demands strong programming
skills. Most complex form of white box testing is path coverage. But covering all the paths in a real
word application is not a realistic situation, as forcing the execution of a specific path is not easy to
trigger. One solution is code development following different coding rules.

In most of the situations, white box testing is applied to the unit testing level, but it can be also used
for integration and system testing.
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1.public int compute(int a, int b) {

2. int result = 0;

3. int newA = a;.

4. int newB = b;

5. if (newA == 0)

6. result = newB;

7. if (newA !=0) {

8. while (newB != 0) {

9. if (newA > newB) {

10. newA = newA - newB;

11. result = newA;

12. } if (newA <= newB) {

13. newB = newB - newA;}}

14. result = newA; }

15. return result;

16.}

Figure 2.7.: GCDG Program
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Figure 2.8.: Statement Control Flow Graph

Statement Coverage

When using the statement coverage, the main idea involves to test each statement of the system under
test. For example, consider the program in Figure 2.7, which computes the greatest common divisor,
and its associated control flow graph in Figure 2.8. A complete testing would involve testing all
statements, all paths of the control flow graph. A completion testing criteria, in statement coverage, is
defined as the percentage of covered statements from the total number of statements. The advantage
in statement coverage is that it can reveal dead code. Nevertheless, in statement coverage the empty
part of an IF-THEN-ELSE instruction is not taken into account.

Branch Coverage

Generating test cases to support the branch coverage criteria deals with the execution of every branch
from a program, at least once, e.g., lines 5-6 or line 7 to 13 in Figure 2.7. In branch coverage, both IF
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...THEN and ELSE branches must be considered. This is an advantage, when compared to statement
coverage. In this case, the completion criteria for testing deals with the percentage of covered branches
from the total number of branches. If we compare the number of test situations that must be designed
in branch and statement coverage, a tester will need to develop more test scenarios, in case branch
coverage is desired. Also, branch coverage testing helps in detecting missing statements in ELSE
branches.

Test of Conditions

Branch coverage only evaluates the TRUE or FALSE value of the condition. But, let us consider the
case of a compound condition, e.g., if (a <= b) AND (b ¿ 5). In condition coverage, each part of the
compound condition must be tested with both its false and true values. If we consider a = 3 and b =
5, then first part of the condition, a <= b is true and second part holds false. For a = b = 6 we have
the value of true for the second part of the condition. We now need to test also for the false value of
the first part of the condition, i.e., a = 7, b = 3. In 1979, Myers introduced the concept of multiple
condition coverage [125]. In multiple condition coverage all true and false combinations must be
tested, i.e., for our small example, for a, b and the compound condition, we must consider true, true,
true, false, false, true, false, false. Not all the time, all combinations will be possible. Also, unlike for
statement and condition coverage, a smaller number of tests is required.

Path Coverage

Path coverage is seen as the most reliable white box testing technique. It requires to execute each
feasible path from a program, which is almost not possible. Although it could help reduce the number
of test cases, this is not a realistic solution.

Other white box testing techniques involve loop testing, i.e., make sure that a complete coverage of
the loops is conducted. Also the data flow could be another white box testing option. This involves
that for each definition of a variable, there must be found a path that will make use of that variable.
Such a pair is called DU pair, i.e., definition-association pair. In end user development this represents
the testing support for the What You See is What You Test Strategy [159]. Random testing can be
successfully applied also to white box testing strategies, i.e., run a program considering different
random chosen input values. Nevertheless, the problem of choosing the correct values remains, and
also of choosing the best criteria to stop testing.
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Figure 2.9.: Black Box Testing Vs. White Box Testing

2.2.3. Gray Box Testing

There are situations when selecting only black box or white box testing does not represent a feasible
approach 2.9. ”Test the gray box” [88] represents one of the 293 lessons learned in software testing.
An intelligent solution, which combines black box and white box testing strategies, can be gray box
testing. In the literature, sometimes gray box testing is denoted as translucent testing [89], due to
the fact that the software tester does not have a wide knowledge about the internal behavior of the
software system. Several gray box techniques can be applied, e.g., regression testing, matrix testing,
orthogonal array testing, pattern testing.

The authors in [89] illustrate a model based testing approach, which combines the parametrized unit
testing capabilities of Pex [157] with the model based testing environment offered by Spec Explorer
[26]. Pex automatically generates unit test cases, i.e., white box testing technique, which have a high
code coverage, for .NET source code; Spec Explorer makes use of a model checker to interpret the
specifications and to automatically generate model based test cases, i.e., black box testing.

Gray box testing is more suited for testing Web applications. Nevertheless, there is work towards
other areas, i.e., real time testing, which combines the benefits of gray box testing, i.e., black box and
white box testing, with regression testing and mutation testing [40]. Also, the embedded software
domain benefits from the advantages of gray box testing [39].

All the three techniques described so far, black box, white box and gray box, have their own ad-
vantages and disadvantages. Deciding upon which of the three software testing techniques is more
suited for a software system, depends on different constraints, i.e., the goal of software testing, the
resources allocated to the testing process, e.g., time, money, human factor involved, etc. This is the
responsibility of the software testing team.
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2.2.4. Fault Injection

Software fault injection [185] is a common technique used in software testing as a modality to verify
the robustness and also the tolerance to different fault categories, of a software application. The
technique assumes the insertion of certain bugs into the application, injection of faults, by means of
different operators. Among the common used fault injection techniques, we mention:

• Mutation testing. It is the oldest fault injection technique. Mutation testing was introduced for
the first time in 1971 [47], and since then it has gained more and more attention, achieving
today a maturity level. Different types of software systems might use the benefits of mutation
testing, since it can be applied with success to different levels of testing and for different pro-
gramming environments. The technique evaluates the quality of the test cases, by producing
small changes, i.e., mutations, at the source code or byte code level, resulting thus new mutated
versions of the system under test. The available test suite will then be run against all these
mutants and a metric will be recorded to establish the test suite efficiency, against the inserted
mutations. Mutation testing can be applied both with white box, e.g., unit testing [79], and
black box testing, e.g., mutation of state charts, specifications, code contracts [94, 57]. Dif-
ferent operators where depicted, corresponding to different languages, in order to emphasize
different fault types,e.g., arithmetic faults, polymorphism faults, inheritance errors, etc.

• PIE Technique, i.e., Propagation-Infection-Execution. According to [183], the technique as-
sumes there exist three particularities that can be used with success to verify the testability
degree of a software application:

– The probability for a given part of the code to be executed;

– The probability for that part of source code to alter the data behavior;

– The probability for that modified data behavior to influence the output.

• EPA Technique - Extended Propagation Analysis. In EPA, both hardware and software artificial
fault injections are conducted and the tolerance degree of the software application is tested.
This technique considers only the output values of the application, i.e., correctness is not taken
into consideration [184, 182].

• AVA technique - Adaptive Vulnerability Analysis. This technique is an extension of the EPA
technique, and makes use of assertions in order to detect security properties violations and
system survivability [72]. This technique has not achieved its maturity phase and therefore its
application domain is somehow restricted.
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2.3. Conclusions

In the next Chapter, we will present a detailed description, with regard to the mutation testing tech-
nique, its advancements and areas of applicability, but also some of the common problems encountered
when using this technique.

2.3. Conclusions

Each software testing technique is subject to a design strategy and the wise selection of one technique
or another is taken by the software testing team, depending on many factors. Different automated
software testing tools were design to encapsulate the introduced strategies, in accordance with the
available programming environments, with the usability of the application domain, with the type of
software testing that is desired, etc.
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Chapter 3
Mutation Based Testing

”A test that reveals a bug has succeeded, not failed.” - Boris Beizer

A natural question, which arises in the software testing domain, is how do we evaluate the test
process, i.e., how do we assess the quality of the exiting test suite, what is a good test scenario. One
fast answer is that good is strongly connected to the type of testing that is derived, e.g., domain testing,
functional testing, stress testing, user testing, regression testing, and so on. Therefore good concerns
the purpose of the software testing process. A common strategy used to evaluate the software testing
process is to achieve code coverage by means of different coverage measures, e.g., requirements
coverage, code coverage, test case coverage.

In [9], the authors compare the benefits of using coverage metrics, for measuring the test suite
effectiveness, with the advantages of performing mutation testing. As we briefly described in 2.2.4,
mutation testing is a fault based testing technique, i.e., changes are made to the original software appli-
cation, by means of different operators, resulting thus in mutated variants of the original application.
The effectiveness is determined using a defined metric, i.e., the mutation score, which is computes
the percentage of detected changes from the total number of changes. In his book, [193], Whittaker
introduces a software testing fault model, which can be successfully integrated with any type of soft-
ware application. The author states that two features are essential for the software tester: to have a
strong knowledge of the software application environment and to be able to proper understand the
capabilities of the application. According the the author, the software must fulfill four important char-
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acteristics, that are subject to an attack, i.e., a test case, and that are essential for the software testing
model:

1. The software inputs, which come from the environment;

2. The software computes output values, which are later sent to the environment;

3. The information of the software application is kept internally, in different data structures;

4. With the stored information and the input values, the application runs operations and computa-
tions.

The software tester must take care that none of the above characteristics will be broken; if at least one
is broken, then the software system will be subject to a failure. The first two features, i.e., input and
output values, belong to black box testing area, described previously in Section 2.2.1, whereas the
last two are subject to the white box testing domain (See Section 2.2.2).

3.1. Introduction

The history of mutation testing goes back to 1970. As a fundamental basis, mutation testing relies
on the two concepts: the coupling effect and the competent programmer hypothesis. It was initially
designed as a white box testing strategy.

In [47], the authors introduce the concept of the coupling effect, which states that simple faults are
the basis of more complex faults. According to the authors:

”Test data that distinguishes all programs differing from a correct one by only simple errors is so
sensitive that it also implicitly distinguishes more complex errors.”

The authors derive experiments which prove that the test data used to cover those simple errors,
is of significant importance. In order to establish when enough testing has been done, the authors
introduce a new concept, mutation testing : having as input a program P and its associated test data,
i.e., whose adequacy is to be evaluated, the user runs the available tests over the program P. If no error
appears, it might be the case that the available test data can not detect the error, i.e., a non adequate
test suite is available. Therefore different versions of program P are created, called mutations. These
mutated versions differ from the original program through one single inserted error. If the test suite is

38



3.2. Mutation Testing Background

run over these mutated programs, two possible solutions might appear: to obtain different results or
to have the same results as with the original program. In case the results differ, the authors define the
term dead mutant, which signifies that the change, i.e., the inserted error, was detected. Otherwise,
the authors state the change is alive. Two possible explanations exist: the test is not sensitive enough,
so that it can detect the inserted change, or the original program is equivalent to the mutated one.
The authors conclude that performing a systematic testing method which is able to identify between
different versions of the same program, can help the data test generation process of that program.

Regarding the second concept, i.e., the Competent Programmer Hypothesis, it was introduced also
in 1978, by the authors in [47]. According to the authors, software developers have the tendency to
write software that is almost correct. Therefore, the faults that might appear are usually small ones
and they can be easily corrected through minor syntactical changes of the code. In [5], the authors
present such an example.

These represent the starting point in mutation testing, which were later further defined by Offut
[138]. The author extended the coupling effect to the Mutation Coupling Effect Hypothesis, which
demonstrates that:

”Complex mutants are coupled to simple mutants in such a way that a test data set that detects all
simple mutants in a program will also detect a large percentage of the complex mutants” [139].

3.2. Mutation Testing Background

Since 1970, the research in mutation testing has evolved considerably. According to the information
that resides on the mutation testing repository [84], today there are available more than 400 research
papers on mutation testing. Through the diagram in Figure 3.1, we illustrate the basis of mutation
testing. In the early stages of mutation testing, only simple errors were taken into account, i.e., simple
mutations were derived, each mutated versions differing only through one single change from the
original version. As already described previously, in mutation testing we always have as inputs the test
suite, i.e., TS, the original program P and a set of mutation operators. A pre-condition is that the test
suite must be executed without any error. If TS executes with success, then according to the types of
error against which we want to test the software, we create, corresponding to each mutation operator,
the mutated versions of the original program P, i.e., we create the mutants M 1, M 2, ... M n. TS will
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Figure 3.1.: Mutation Testing Process
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be executed once more, over the created mutants and the result will be recorded. As defined earlier,
when a test scenario from TS succeeds to detect the inserted error, then we say that mutant M i was
killed, otherwise M i is still alive. One known problem in mutation testing is the equivalent mutant
problem, i.e., when we do not manage to detect an injected error, due to a semantically equivalence
between the mutant and the original program. Therefore, equivalence detection is an intensively
investigated topic in mutation testing and different techniques were derived. Nevertheless, it is still an
undecidable problem.

In order to keep an evidence on the percentage of changes that are identified by the test suite, the
mutation score MS metric was introduced:

MS = NumberO f KilledMutants
TotalNumberO f Mutants−NumberO f EquivalentMutants

Another problem in mutation testing is the increased complexity, due to significant amount of time
needed to run all the mutants. Therefore, several techniques were developed, in order to reduce the
cost of mutation testing.

In traditional mutation testing this set represents the model for the traditional mutation operators.
We clarify that in mutation testing, the research literature describes two sets of mutation operators
[106]:

1. Traditional mutation operators, which model method level specific behavior, i.e., change arith-
metic, relational operators, etc;

2. Class mutation operators, i.e., object oriented, which modify object oriented behavior, i.e., in-
heritance, access type, polymorphism, etc.

The first mutation testing tool was developed by the authors in [24]. They have implemented a pro-
totype for running mutation testing in FORTRAN. The first set of mutation operators was the Mothra
set; it contains twenty-two traditional mutation operators, described in Table 3.1 [90]. Mothra is a
mutation environment used for unit testing Fortran software programs, by means of mutation testing.
Mothra derives, for each mutated version, a mutant descriptor record in order to describe the injected
changes in the source. Besides mutants creation, Mothra is also able to generate test data.

Although achieving complete mutation testing is difficult, this technique is more reliable in reveling
faults than any other criteria. In the end, a mutation system, according to Ammann and Offutt [7],
can be seen as a complete ”language system, in which programs are parsed, modified and executed”.
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Operator Description
AAR Array reference for array reference replacement
ABS Absolute value insertion
ACR Array reference for constant replacement
AOR Arithmetic operator replacement
ASR Array reference for scalar variable replacement
CAR Constant for array reference replacement
CNR Comparable array name replacement
CRP Constant replacement
CSR Constant for scalar variable replacement
DER DO statement alterations
DSA DATA statement alterations
GLR GOTO label replacement
LCR Logical connector replacement
ROR Relational operator replacement
RSR RETURN statement replacement
SAN Statement analysis
SAR Scalar variable for array reference replacement
SCR Scalar for constant replacement
SDL Statement deletion
SRC Source constant replacement
SVR Scalar variable replacement
UOI Unary operator insertion

Table 3.1.: Mothra Mutation Operators

Therefore, taking into account the problems we encounter in mutation testing, there were designed
different approaches to build this type of systems.

3.2.1. Mutation Testing Strategies

In what follows we will discuss some of the widely used techniques in mutation testing for reducing
the number of generated mutants. If we aim to go beyond the research domain in mutation testing,
i.e., benefit from the advantages of mutation testing in industry, then cost reduction techniques are
essential. Therefore, several strategies were derived.

The authors in [144], organize these techniques in three categories:

1. do fewer: tries to minimize the number of mutant programs that is to be run, with the smallest
loss of information. Among the widely known do fewer techniques we enumerate: selective
mutation, mutant sampling, mutant clustering, high order mutation.
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Selective mutation takes into consideration only those mutations that are really different than
the others, by removing them from the mutation operators set. Mathur introduced the term of
constraint mutation, to depict this constraint in selecting the number of significant mutation op-
erators [195]. Later, this idea was implemented by Offutt, who demonstrated that from the set of
22 mutation operators, described in 3.1, only five of them produce significant mutations: ABS,
AOR, LCR, ROR and UOI, achieving a mutation score of 99,5% [140]. Selective mutation
has been continuously developed. Recent research towards this direction tries to combine the
mutation operators reduction with the cost for detecting the equivalent mutants [124]. Another
recent direction in selective mutation is to find a minimum set of mutation operators, through
a statical analysis procedure, which considers different subsets of the original set, instead of
taking only one small number of mutants [126].

Another do-fewer approach is the sampling method. Initially, for this technique, mutation test-
ing was applied only to subsets of the mutants set, which were randomly selected [23], e.g.,
generate the entire set of mutants, then select a random sample subset from the entire set, and
remove the rest. This research idea was later extended in the doctoral research of [194], by se-
lecting a sample of a certain percentage from the total number of mutants. The author states that
choosing a sample of 10% will reduce the test suite effectiveness with only 16%. Another sam-
pling approach makes use of the Bayesian sequential probability ratio test, in order to derive the
sampling [163]. According to their approach, the sampling size is not previously established,
but mutants are selected until it is gathered sufficient information which can help in achieving
the adequate sampling size.

Mutant Clustering does not select random samples from the entire set of mutants, but makes
use of the clustering algorithms. After mutant generation, a clustering algorithm - for example,
K-means algorithm, agglomerative clustering - is used to organize the mutants into clusters
corresponding to the killable test case. From every cluster there is chosen a subset of mutants
and used further in the mutation testing process. The idea was first published in [74]. In
his thesis, the author demonstrates that using this strategy for selecting a smaller number of
mutants, does not alter the value of the mutation score. A recent research towards mutation
clustering is conducted by the authors in [83]. They derive a procedure for statically clustering
the mutants before test case generation, i.e., generate mutants after the test was generated by
taking into account the author’s clustering strategy.

When we consider mutant classification, in mutation testing we can encounter first order mu-
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tants, i.e., FOMs, and high order mutants, i.e., HOMs. A FOM results when only one mutation
operator is applied and HOMs can appear as a result of two or more mutations, in the same time,
i.e., the cardinality is given by the number of inserted faults, which a mutant contains. In [149],
the authors run an experiment to evaluate and compare the costs of using FOMs and HOMs.
They conclude that mutation testing with FOMs can be more effective, but when using second
order HOMs, i.e., two inserted faults in the same time, the number of equivalent mutants will
reduce significantly, offering thus a better strategy in mutation testing. The idea of using HOMs
to reduce the number of mutants was initially described in [85]. There exist several strategies
to combine the first order mutants: RandomMix, DifferentOperators, LastToFirst [152]. A re-
cent direction in obtaining HOMs is by means of genetic algorithms [98]. Along their research,
the authors suggest that mutations should be semantically derived and not syntactically. They
analyze the relation between the two directions using a multi objective Pareto optimal genetic
programming method [151]. Using HOMs raises a challenge towards the above described com-
petent programmer hypothesis. Current research proves that a bug can be fixed only through
several changes done in several locations of a program [155]. The authors demonstrate that
90% from the faults discovered after release, are complex faults.

2. do faster: aims to split the computational capacity over several computers, by keeping the state
information during several runs. Schema Based Analysis is one common method for conducting
the do faster approach [178, 180, 179]. The technique sums all the mutants into a metaprogram,
i.e., a metamutant, by means of a program schema (a program schema is a template). This meta-
mutant will be compiled only once. The term mutants schema was defined to encapsulate the
metamutant and a metaprocedure set. The metamutant is obtained from the original program
and it is used for all mutants representation. It will then be compiled and executed against the
available test set. During the execution, this metamutant is instantiated to run as any program
from N, i.e., template instantiation, where N is a program neighborhood of the original prorgam
P. Mutated statements will have a generic representation. Let us consider, for example, the pro-
gram from Figure 2.7. Assume we apply the Arithmetic operator replacement in line 10: newA
= newA - newB;. We will have the following mutants:
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newA = newA + newB
newA = newA * newB
newA = newA / newB
newA = newA % newB
newA = newA
newA = newB

The generic representation will be : newA = newA ArithOper newB, where by ArithOper we
will denote the abstract entity. Along their research towards schema based analysis, the au-
thors observe a performance improvement of more than 300%. Also, unlike for other mutation
techniques, this technique allows testing to use the same compiler as the program under test.

Other strategies exist, but they have not been so intensively exploited, e.g., distribute the com-
putational costs on different machines, by means of evolving architectures like network com-
puters [206], vector processors systems [113], concurrent mutants execution in SIMD machines
[192]. Recent advancements for reducing the compilation costs, include the use of a Bytecode
Translation technique [145, 105] or Aspect Oriented Mutation [11]. In Bytecode Translation
technique mutants are generated using the compiled object information of the program to be
mutated, thus resulting bytecode mutants, i.e., there is no need for a further compilation of
the mutants. Aspect Oriented Mutation uses aspect patches for retaining the methods output;
two program executions are required for an aspect patch: first save the results and the original
program context and afterwards generate and execute the mutants.

3. do smarter: focuses on generating and running a mutant as fast as possible. Several strategies
are known: weak mutation, strong mutation, firm mutation. Strong mutation depicts the tradi-
tional mutation testing process. An extension of strong mutation, in order to implement smarter
mutation testing, is weak mutation. The notion of weak mutation testing was first introduced in
1982 [73]. According to first principles of this technique, a program is made of a set of compo-
nents: variable reference, variable assignments, arithmetic, relational and boolean expressions.
Unlike traditional mutation testing, where the mutants are analyzed after the entire program
execution, in weak mutation a mutant will be inspected immediately after the execution of the
modified component of the program, e.g., modified statement. Although many studies were
conducted towards weak mutation, its efficiency still represents an open research direction. In
their work [141], the authors carry a research study and compare strong mutation against weak
mutation. They define four component execution types: EXpression-WEAK, i.e., EX-WEAK
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first execution of an expression, STatement-WEAK, i.e., ST-WEAK first execution of a state-
ment, Basic Block-WEAK / 1, i.e., BB-WEAK / 1 first execution of a basic block, and Basic
Block-WEAK / N, i.e., BB-WEAK / N execution of a basic block after N iterations in a loop.
One major advantage is the significant reduction of the program execution time. Nevertheless,
the efficiency for the adequate test cases in weak mutation testing is decreasing. The authors
conduct the research by recording the strength of the test data, for both situations, i.e., they
compute a strong mutation score, SMS, and a weak mutation score, WMS. They implement a
weak mutation system, Look At Expected Output Not After Return But During Operation, i.e.,
Leonardo, in order to derive the experiments. The system makes use of the 22 Mothra mutation
operators (described above) and it was applied on simple subroutines, e.g., the bubble sort algo-
rithm, Euclid’s algorithm, etc. A significant problem during the experiment was the equivalent
mutants detection due to the huge amount of time required to manually identify them. From the
conducted experiments, the authors conclude that weak mutation can be successfully used for
non critical systems, as a reliable cost reduction technique instead of strong mutation. Critical
applications should use a combination between the two techniques.

Firm Mutation appears as a mix technique, conceived to overcome the drawbacks from strong
and weak mutation testing [196]. The authors consider there are available different timing
state parameters, for the program execution, in accordance with the time when the change was
derived:

a) tchange: the behavior when the change is derived;

b) tundo: the behavior when the change is turned back and the outputs are compared;

c) the exact information that is compared.

The authors state that in weak mutation tchange and tundo appear right before, respectively right
after the single execution of a component, while in strong mutation before and after the entire
execution. Therefore we can face the case when an introduced error will remain only for a
certain number of executions, but not along the entire execution of a program. This behavior is
defined as firm mutation and it implements a combination of strong and weak mutation. Several
strategies are suggested for tundo selection point. According to the authors, firm mutation does
have certain advantages: a better transparency than the other two techniques, mutation operators
selection is not so strict, it is less expensive. Bu some drawbacks do exist, e.g., no solid basis
for the proper depiction of tundo.
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3.2.2. Mutation Testing Tools

Mutation Testing initially started as a unit testing technique, i.e., white box testing. Along the years,
different mutation testing algorithms and tools were developed, i.e., there exist more than 30 mutation
testing tools. In what follows, we will offer a brief description on the current available software tools
in mutation testing. We present both commercial and open source tools, organizing the information in
accordance with the corresponding programming environment for which mutation testing was applied.

1. PIMS [22]. It is an early stage mutation tool for Fortran. PIMS accepts the test cases from the
user, executes them over the mutants and computes how many mutants were killed. Several
other Fortran mutation testing tools were developed afterwards, but the most known of them is
Mothra.

2. Mothra [90]. This is a set of tools, for deriving mutation analysis and testing in Fortran.

3. Proteum [45]. First tool for C source code mutation unit testing. The tool supports interface
mutation, i.e., interface mutation derives mutation in order to consider components integration
errors [46]. Proteum was constantly updated, evolving to a set of tools [110], which can support
mutation testing for finite state machines, i.e., Proteum/FSM [58], for specifications based state
charts, i.e., Proteum/ST, for Petri Nets, i.e., Proteum/PN, for AspectJ programs, Proteum/AJ
[61]. The tools are available for download, via email [111]. There were developed specific
mutation operators for each of these tools, e.g., there exist 9 finite state machine mutation
operators, 17 state chart feature operators, for Petri Nets there are implemented 11 mutation
operators, etc. Other tools were derived for implementing C code based mutation testing [6, 65].

4. A commercial tool, combining both C and C++ is Insure++ [150] from Parasoft. The tool
performs memory analysis and error detection, by instrumenting the source code. It has incor-
porated a tool for analyzing the total code coverage and one for analyzing the memory usage. A
particularity of this tool, is that it works to create equivalent mutants, instead of trying to reveal
error prone ones. The tool has patented the Source Code Instrumentation technology.

5. Among the commercial C based mutation testing tools we enumerate PlexTest, which conducts
selective mutation [80], Certitude[172]; the tool combines mutation testing techniques with
static analysis to measure the quality of HDL design.

6. For Java, there is an impressive number of open source mutation testing tools:

• Jester: It is an open source testing tool, that runs the traditional mutation testing strategy
[78, 123]. Due to its not so friendly environment configuration, an integration with the
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Eclipse Framework was implemented, making Jester available as an Eclipse Plugin [100].
But the tool has also a command line interface. It supports only traditional mutation
operators. Jester generates and compiles mutants and then runs them using the available
test cases. The tool is subject to performance problems.

• JavaMut: The tool does not have fast performances, i.e., each mutant is separately com-
piled. However, a download link is not available on the Web [31].

• MuJava: Many research studies rely on this tool. It implements both traditional and class
level mutation operators. For mutant generation, the tool combines traditional generation
of mutants, i.e., by directly changing the source code, with two cost reduction techniques:
byte code translation and mutant schema [145, 105]. An automated mutation testing plu-
gin was released for an easy integration with the Eclipse framework, i.e., MuClipse [170].
Moreover, in MuClipse also weak mutation was implemented.

• Jumble: The tool is open source and it can be downloaded directly from the Internet [177].
It was designed for an industrial usage, implementing byte code translation, in order to
reduce the costs from mutation testing [79]. Nevertheless, the tool has just a simplified set
of traditional mutation operators.

• RI/Response Injection: The tool concentrates on the object oriented aspect of a program. It
mutates method output values, primitive types [14]. It can not mutate objects that are sent
as parameters to a method. Currently, there is not available any download information.

• MuTMuT: It is a mutation testing tool for multithread code, i.e., MUtation Testing of
MUltiThreaded code. The tool reuses the information collected when performing the test
execution on the original program to be verified [66].

• Javalanche : It is an open source framework for Java mutation testing, which claims to
overcome the equivalent mutant problem [166, 167, 69] and also to treat the efficiency
problem from mutation testing. Javalanche uses dynamic invariants, assessing an impact
for the created mutations in order to check invariant violations.

• PIT: Is a tool which makes use of the code coverage and byte code information [33].
PIT integrates both JUnit and TestNG, it has a command line interface, and several PIT
plugins were developed: for Eclipse, Intellij, Gradle build automation environment [34].
It implements traditional mutation operators and works on byte code level.
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• Judy: Implements a novel approach in mutation testing, i.e., the FAMTA (fast aspect-
oriented mutation testing) algorithm [108, 109]. During mutant generation, a collection of
mutants, but also meta-mutants are created. Meta-mutants allow mutant generation while
the source code is modified. The tool can compile with Java versions greater than 1.4,
up to 1.6, and it benefits from a fully automated mutation testing process; it has its own
predefined set of 16 mutation operators.

• Testooj: It is an open source, easy to use, Java testing tool, developed by the Alarcos
Research Group of the Castilla-La Mancha university [181]. It supports a command line
interface and also a jar for an easy integration with the Eclipse framework. The tool
integrates MuJava, for running mutation based unit testing. Test cases are generated based
on regular expressions.

But also commercial tools, which claim to solve the problems of existing open source
tools, are available, e.g., BACTERIO Mutation Test System is a tool developed during
a doctoral program [28, 112]. The tool supports JUnit test cases, but also UISpec4J, i.e.,
library for Java and Swing GUI testing [121]. Bacterio encapsulates both mutant reduction
strategies - selective mutation, mutant sampling, and also techniques for reducing the cost
execution - mutant schema, parallel execution, byte code translation.

• An interesting mutation testing framework is ExMan. It is a generic automated mutation
analysis tool, which derives a comparison between different quality assurance strategies,
based on model checking, static analysis and testing [17]. ExMan allows integration for
different mutation generator tools, i.e., in order to mutate Java or C source code; also, the
tool is available for download [18].

There are available other mutation testing tools for Java, but we have chosen to enumerate
the ones that were often used throughout the mutation testing research history.

Mutation testing goes further and other programming environments benefit from mutation test-
ing, to assess the quality of the testing process:

7. For database mutation testing, some of the most known tools include SQLMutation [176],
JDAMA [209]. SQLMutation generates mutants for SQL based application, by mutating SQL
queries. It is an open source tool and can be run online, from the Web interface, or directly inte-
grated in Web Service based applications. JDAMA is a mutation testing tool used to check the
JDBC interface communication between a database and a Java based environment; it functions
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on byte code level.

8. The author of Jester (performs Java based mutations), also implemented two other tools:

• Pester, for mutating Python source code with PyUnit unit test,

• Nester, for C# source code mutation.

9. CREAM is another tool for mutation testing C# code [50].

10. MutateMe is a tool for running mutation testing on PHP applications. It is an open source
project, available on GitHub [19].

11. For mutation testing AspectJ source code, the authors in [44] have developed the AjMutator
environment.

12. Tools were developed also for mutation testing Ruby source code [162]. SESAME (Software
Environment for Software Analysis by Mutation Effects) is a multi language mutation unit
testing framework: it can be applicable to assembly and procedural languages, like C and Pascal,
but also to a data flow language, i.e., Lustre.

As we can observe, mutation testing has not only been used for determining the test suite efficiency,
but also it has been applied on the specifications [94], or as a reliable method for test case generation
from specifications [51]. Another interesting applicability is in regression testing [52], where muta-
tion has been used as a test case prioritization strategy. Also, for test case reduction, the authors in
[143] develop a Ping-Pong strategy, based on mutation testing. Another test size reduction strategy is
proposed by the authors in [153]. They use the mutation score to select the test cases, but taking care
to preserve the quality of the test pool. Based on the computed mutation score, the authors apply a
greedy algorithm to select only those test cases that kill the majority of the mutants. They apply their
approach on three open source projects, i.e., Jester, JTopas and JFreeChart, in order to demonstrate its
efficiency.
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”A good threat is worth a thousand tests.” - Boris Beizer

The research presented here is based on the work published in [134, 129, 135, 136, 137]. As de-
scribed in Chapter 3, one applicability of mutation testing, beside assessing the quality of the existing
test suite, is to contribute to the test case generation process. Through our research, we aim to offer an
industry reliable automated test case generation solution, combining the benefits of mutation testing,
with constraint based programming and software debugging.

The goal of our research is to derive an efficient software testing process, improving the initial test
suite. We contribute to mutation test case generation, based on mutation testing and equivalent mutants
elimination. Starting from the evaluation of an available test suite, by means of mutation testing, we
identify the non treated situations and try to minimize the test case generation procedure. We do
this through the use of the constraint satisfaction paradigm and distinguishing test cases procedure,
reducing thus the equivalent mutants that result from the mutation process. In the first experiments we
conducted, we have started by evaluating how good the testing process was derived in an enterprise
environment. The initial results encouraged us to go further on with the approach and overcome
the drawbacks we encountered. In this situation, the next step was to improve the testing pool, thus
developing new test scenarios able to detect a misbehavior or to treat uncovered source code. We
made use of the obtained results and continued our research towards a new direction. Additionally to
measuring the quality of the test suite, we have extended the research to test case generation based on
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distinguishing test cases and the constraint representation of mutants [204, 130, 201]. Hence, the focus
of our research is test case generation, and, as an extension to our approach, we strive to eliminate a
high percentage of the equivalent mutants.

4.1. Early Stage of the Research

Our research started initially as an applied project in industry, in collaboration with Siemens AG
Austria. The goal was to depict a reliable method for evaluating the test suite quality. As mutation
testing proved to be one reliable strategy in fault detection, but also in assessing the quality of a test
suite, we have chosen to configure the project environment in order to apply mutation testing [9, 7].

The initial research environment assumed an Enterprise JavaBeans (EJB) server-side component
architecture [122], which was run and deployed over the JBoss Application Server [37]. As EJB ar-
chitectures are distributed Java applications, we have chosen to run the research with MuJava mutation
testing tool [105]. MuJava implements the two steps of the mutation analysis process: automatically
generates mutants and then runs the test sets over the mutant source files.

4.1.1. MuJava

Along our entire research activity, we decided to work with MuJava. We have implemented an ex-
tended version of the tool [134], in order to support compilation with standard Java development kit
1.5. Also, integration with JUnit test cases was implemented. Thus, it can be derived an evaluation
of the test suites (by comparing the mutation scores), in order to establish a prioritization of the test
cases (run first the most important tests in the testing process). Due to these new add-ons, the tool
supports a command line version, therefore an easy integration, e.g., into a daily build process, is now
possible.

MuJava implements a combination of the schema based approach with selective mutation. Two sets
of mutation operators were designed, in order to derive mutations:

• method level mutation operators. These are traditional mutation operators and they produce
traditional mutations, e.g., arithmetic replacements, deletion, insertion. Totally, the tool imple-
ments the 12 traditional operators from Table 4.1 [107].
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Operator Description
AOR Arithmetic Operator Replacement
AOI Arithmetic Operator Insertion
AOD Arithmetic Operator Deletion
ROR Relational Operator Replacement
COR Conditional Operator Replacement
COI Conditional Operator Insertion
COD Conditional Operator Deletion
SOR Shift Operator Replacement
LOR Logical Operator Replacement
LOI Logical Operator Insertion
LOD Logical Operator Deletion
ASR Assignment Operator Replacement

Table 4.1.: MuJava Method Level Mutation Operators

• class level mutation operators. There are 29 class level mutation operators, which mutate ob-
ject oriented features, e.g., inheritance, polymorphism, encapsulation, Java specific language
properties, like changing a method access type. They can be observed in Table 4.2.

4.1.2. Mutation of EJB Components

Enterprise JavaBeans components are server side components which contain the business logic of
an enterprise application, mainly used for developing large and distributed applications. Usually, an
enterprise application contains a significant amount of data that is accessed concurrently by clients,
i.e., users. Therefore the enterprise beans manage different tasks concerning the communication be-
tween the client and the server, e.g., interaction with the client, information retrieval for the client
maintaining, keep data information on a database and communicate with the server.

As mutation involves modifying the EJB source code, for each change of the business logic a new
deploy is needed on the server, i.e., the users who interact with the server should use the updated
business logic. These type of systems must be robust and should present a good scalability. In order
to derive better methods for testing server side components, we aimed to establish an indicator of
the test process quality by means of mutation testing. The experiment was run in collaboration with
Siemens AG Austria.

We lead the research using three EJB based applications and an internal framework from Siemens
AG Austria. During the research we used JBOSS application server as a deploy server [37]. On each
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Feature Operator Description
Encapsulation AMC Access modifier change

Inheritance

IHI Hiding Variable Insertion
IHD Hiding Variable Deletion
IOD Overriding Method Deletion
IOP Overriding Method Calling Position Change
IOR Overriding Method Rename
ISI super Keyword Insertion
ISD super Keyword Deletion
IPC Explicit Call of a Parent’s Constructor Deletion

Polymorphism

PNC New Method Call with Child Class Type
PMD Parameter Variable Declaration with Parent Class Type
PPD Parameter Variable Declaration with Child Class Type
PCI Type Cast Operator Insertion
PCD Type Cast Operator Deletion
PCC Cast Type Change
PRV Reference Assignment with Other Comparable Variable
OMR Overloading Method Contents Replace
OMD Overloading Method Deletion
OAC Arguments of Overloading Method Call Change

Java Features

JTI this Keyword Insertion
JTD this Keyword Deletion
JSI static Modifier Insertion
JSD static Modifier Deletion
JID Member Variable Initialization Deletion
JDC Java Supported Default Constructor’s Creation
EOA Reference Assignment and Content Assignment Replacement
EOC Reference Comparison and Content Comparison Replacement
EAM Acessor Method Change
EMM Modifier Method Change

Table 4.2.: MuJava Class Level Mutation Operators

Java bean class, from the three projects, there were applied traditional and also class level mutation
operators. In order to determine the set that may detect the majority of faults, for the class level
operators we run several experiments choosing different sets of mutation operators. The following
strategy was followed:

1. Development of the EJB test applications, followed by project configuration in order to achieve
the Siemens software configuration.

2. Generate mutants for each test application. For the newly developed test applications, mutation
was conducted on a selected number of bean files, working with a reduced test suite.

54



4.2. An Industry Setting

• For each application, test cases are created and run over the original version.

• Traditional mutation operators and class level operators are applied to the original Java
bean source code implementation. Mutants are created, corresponding to the chosen mu-
tation operators set.

3. For each created mutant, do a re-deploy of the application and then execute the test set against
the mutated deployment file. It is a fully automated process.

4. Record the mutation score for each experiment.

Figure 4.1 depicts the procedure described above. In Figure 4.2 we can observe the chart with the
actual mutation score compared with the line code coverage, measured with Cobertura [32].

This strategy is prone to some limitations, due to the significant number of generated mutants. For a
large number of mutants the complete process of redeploying each mutant and running the test suites
can lead to an increasing time and to high costs of execution. Also, the application server may suffer
from bottlenecks. A solution for reducing the cost of mutation analysis is to establish an effective set
of mutation operators and select a well determined pool of test sets that will reveal the majority of a
set of faults. A second solution is to inject faults only for the business methods that interfere in the
communication between the client and the server, i.e., mutate only specific parts of the source code.

Due to the huge amount of data and time invested into this research experiment, but, also, due to
the lack of financial resources, the project was temporarily closed.

4.2. An Industry Setting

We are still trying to answer our question : Is Mutation Testing Scalable for Real-World Software
Projects?

We aim to assess the costs of applying mutation testing on a real-life software system. We have
been investigated the following aspects in order to answer the question whether mutation testing is
worth the effort for a real life software project or not:

• The time required for mutation testing,

• The results of mutation testing compared to coverage analysis,

• The issues encountered in setting up and running the selected mutation testing tools.

In what follows, we briefly present the working environment configuration.
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MuJava 
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Generator

Mutated EJB
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Component
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EJB Application Server
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Run Test Cases Against Mutated EJB

Save Mutation Testing Information

For each mutated EJB

Figure 4.1.: EJB Mutation Analysis
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Figure 4.2.: Mutation Score

4.2.1. Environment Configuration

We aimed to use mutation testing on Eclipse [75], a widely known and large open source project that
shows many parallels to commercial and industrial software projects, especially those developed on
the basis of the Eclipse application framework. We retrieved the source code Eclipse Release Build
3.0, from the Eclipse repository [75].

In Table 4.3, the versions and configuration parameters of the tools and test objects used throughout
this section are described. All the work presented herein was conducted using the virtual environment
Oracle VM Virtual Box. The virtual machine is configured to run on Windows XP SP2 operating
system, on an Intel Core 1.73 GHz with 2 GB of RAM. For the Java Virtual Machine, we compile
and run all the files involved in the research with version 1.6, update 24. We have chosen to work
within a virtual environment, in order to offer a fast portability and also an easy management for our
research. Our goal is to derive a fully automated process, for all the Eclipse plugins, which will run
over a predefined period of time, on different architectures.

Tool / System Version Location/Comment
Eclipse 3.0 [75]
MuJava 3 [105]
Jumble 1.1.0 [177]

Javalanche 0.3.6 [81]
Clover 3.0.2 [10]

EclEmma 1.5.1 [54]

Table 4.3.: Overview environment configuration
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We apply three of the most widely used mutation tools: MuJava [205], Jumble [79] and Javalanche
[166]. We run the mutation testing technique and then compare the results with the code coverage
information provided by Clover [10] and EclEmma [54].

4.2.2. Applied Mutation Tools

For computing the mutation score metric, we take into account, throughout the research, the following
mutation tools:

1. MuJava: MuJava is a Java based mutation tool, which was originally developed by Offut, Ma,
and Kwon [104]. Its main three characteristics are:

• Generation of mutants for a given program.

• Analysis of the generated mutants.

• Running of provided test cases.

Due to the newly implemented add-ons, the tool supports a command line version for the muta-
tion analysis framework, which offers an easy integration into the testing or debugging process.
Offutt proved that the computational cost for generating and executing a large number of mu-
tants can be expensive, and thus he proposed a selective mutation operator set that is used by
the MuJava tool. It works with both types of mutation operators:

• Method level mutation operators (also called traditional), which modify the statements
inside the body of a method;

• Class level mutation operators, which try to simulate faults specific to the object oriented
paradigm (for example faults regarding the inheritance or polymorphism).

MuJava was not designed to work with JUnit test cases, nor to compile with Java versions
greater than 1.4; i.e., Java development kit 1.5 or 1.6.
As we selected MuJava for deriving mutation testing, we have implemented several add-ons to
support JUnit test cases and partial mutation of Java source files compiled with JDK 1.5 and
1.6. We take into account both the traditional mutation operators, i.e., the method level, and the
class level ones. MuJava comes with a graphical user interface.

2. Jumble It is a class level mutation tool. Moreover, this tool supports JUnit 3 and, recently, it
was updated to work with JUnit 4. Similar to MuJava, just one mutation is possible at a time,
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over the source code under test. First, the tool runs all the tests on the original, unmodified,
source file and checks whether they pass or not, recording the time necessary for each test.
Then, it mutates the file according to different mutations operators and runs the tests again. The
process is done when all the mutations have been tested. Unlike MuJava, Jumble is able to
mutate constants.

3. Javalanche This mutation testing tool should resolve two major problems in mutation testing:
efficiency and equivalent mutants problem. Javalanche works on byte code and can mutate very
large programs. The authors resolve the problem of equivalent mutants by assessing the impact
of mutations over the dynamic invariants [167]. According to the authors of the tool, Javalanche
has an unique feature. The tool is able to rate the mutations in accordance with their impact on
the behavior of program functions, i.e., the greater the impact of an undetected mutation is, the
lower the possibility of an equivalent mutant.

We have chosen to carry the research using the above described tools, taken into account their usage
inside the experiments conducted in the mutation testing area.

4.2.3. Research Strategy

In this section, we present the first results of our research, by taking into consideration the three
aspects that we follow in our research work: time, mutation testing results, usage of the JUnit tests
provided on the Eclipse repository, and finally we describe the issues encountered in setting up and
running the different mutation testing tools. We have taken the following steps:

1. Check-out the project from the Eclipse repository;

2. Run the plugin test cases (the ones associated to the checked out project);

3. Download and install the coverage and mutation tools;

4. Set all the necessary class paths for each tool;

5. Run the tools over the original project and record the results. This step is the one that consumes
most of the time, i.e., approximately 1 month and a half in case of our chosen plugin project.
This is mainly due to the different compilation exceptions encountered (for the compilation and
tools running tasks one human resource was allocated).
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As the research procedure is the same for each of the Eclipse plugins, we run the first research steps
with the Eclipse Java development tools Core project. The JDT [82] provides the tool plugins that
implement the Java IDE, which supports the development of any Java application, including Eclipse
plugins.

The JDT Core project, org.eclipse.jdt.core, has associated three test projects:

1. org.eclipse.jdt.core.tests.builder

2. org.eclipse.jdt.core.tests.compiler

3. org.eclipse.jdt.core.tests.model

Time

Concerning the time necessary to derive this research, we have to take into account:

• The time necessary to configure the tools; the effort estimated was of approximately one week;

• The mutants generation time; for the selected plugin, it took us between 6 to 8 hours, i.e., a full
working day;

• The time needed to run the test cases against the set of mutants. This is the most significant one,
as we have a huge number of mutants.

Mutation Results

For each test project from Table 4.4, we computed the total number of initial test cases NoTC, the
initial time Torig, in minutes, needed to run the tests, and the success rate Srate which tells us the
percentage of tests that initially passed.

In Table 4.5, we show the detailed mutation testing information for one of the three test projects,
org.eclipse.jdt.core.tests.compiler.regression. We record the number of generated mutations NoMut,
the necessary time for generating all the mutations, TMut, the mutation score MS and the total time
for running the tests over the mutants, i.e., TTCMut . MuJava generated 123 class mutants and almost
31 000 method mutants, in approximately 360 minute, i.e., 6 hours. We estimated the total time for
running all the generated mutants; we did not run all the method level mutants, due to the increased
time complexity. The average mutation score recorded was around 65%. The computed mutation
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score, for MuJava, is the average of all the mutation scores computed for each run of the plugin, in
accordance with the selected mutants.

As it can be observed from Table 4.5, we were not able to obtain any mutation points for Jumble
and Javalanche. By TNoTC we denote the total number of test cases from a specific test project. In
Table 4.6, we record, the success rate for the three plugin projects, after running all the test cases from
each project, using the coverage tools. Concerning the types of code coverage recorded by the tools
we have selected for our research, we know that:

• Clover measures statement, branch and method coverage;

• EclEMMA computes class, method, statement and basic block code coverage.

In the research conducted so far, we have reported the mutation score to the statement coverage level.
Nevertheless, further code coverage measures might be taken into account.

Encountered Issues

Up to now we were not able to generate mutants, for the JTD Core project, with Jumble or Javalanche.
The main problem we have encountered was to run the test cases as plugins test, using our three
mutation tools. Besides time consuming, the generation of mutants proved to be also very complex.

Concerning the first mutation tool, MuJava, there are some limitations we have to take into consid-
eration:

• MuJava is not able to generate any mutants in case of constants (it does not mutate constant
values);

Test Project NoTC Torig Srate

org.eclipse.jdt.core.tests.builder 79 161.312 100.00 %
org.eclipse.jdt.core.tests.compiler 2542 16.203 100.00%

org.eclipse.jdt.core.tests.regression 2622 387.735 100.00%
org.eclipse.jdt.core.tests.eval 350 65.562 100.00%
org.eclipse.jdt.core.tests.dom 1584 136.437 100.00%

org.eclipse.jdt.core.tests.formatter 486 21.109 100.00%
org.eclipse.jdt.core.tests.model 2084 293.782 100.00%

Table 4.4.: Eclipse JUnit Test Results
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Tool NoMut TMut MS TTCMut

MuJava 123/30947 174.69 min/185.7min app.65% est. 2 months
Jumble - - - -

Javalanche - - - -

Table 4.5.: Mutation Testing Information per Mutation Testing Tool

Project TNoTC Clover EclEMMA
org.eclipse.jdt.core.tests.builder 79 100.00% 100.00%

org.eclipse.jdt.core.tests.compiler 16287 100.00% 100.00%
org.eclipse.jdt.core.tests.model 8639 99.97% 100.00%

Table 4.6.: Success Rate

• Also, missing statements are another limitation of the tool. We are not able to generate mutants,
by statement deletion, nor insertion;

• In case of multiple bugs in one statement, the MuJava tool is not able to mutate more than one
variable or operator per statement and mutant, i.e., each mutant contains only one change when
compared with the original program (this limitation is however easy to overcome);

• In order to support execution of JUnit tests, the nullary constructor has to be added to each test
class file. Also, the private methods setUp() and tearDown() must have public access;

• The last problem, regarding mutation, is that in some cases equivalent mutants were generated.

As we can be observe in Table 4.5, the majority of mutants generated with MuJava was produced by
the method mutation operators. From the large pool of generated traditional mutants, the three most
commonly encountered were:

1. AOIS, i.e., Arithmetic Operator Insertion, with 13654 mutants,

2. LOI, i.e., Logical Operator Insertion, with 4698 mutants, and

3. ROR, i.e., Relational Operator Replacement, with 3980 mutants.

Javalanche is of real interest in our approach, as it should deal with the equivalent mutant problem.
This would allow us to reduce the high number of generated mutants and thus reduce the effort.
Therefore, we further hope to run the research and, together with the people involved in Javalanche
development, come with a solution.

We have to mention that, on small and simple projects, i.e., no more than 200 lines of code and
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which have the test sets located in the same project as the mutated classes, we were able to configure
and successfully make use of Jumble and Javalanche.

In what follows, we briefly describe the experience recorded for configuring and running the muta-
tion tools we have used for this stage of our research. We denote by ToolConfig, i.e., tool configuration,
the knowledge accumulated when configuring all the paths; by MutGen we present the mutants gen-
eration step and by RunningTC the observations when running the mutants.

1. MuJava

• ToolConfig: The graphical user interface, but also the command line version, are intuitive
and easy to use.

• MutGen: The tool must have access to the class files corresponding to each file to be
mutated; also, the user can select which mutation operators to apply, both from the set of
traditional mutants and also from the class level ones.

• RunningTC: MuJava requires the tests to have the nullary constructor. Also, the methods
setUp() and tearDown() must have public access (default is protected). This was time
consuming, as we had to update all the test classes with the nullary constructor and the
public access for the two methods.

Both for generating the mutants and then running them, it took us a lot of time. A solution
may be the integration into build script (like Apache Ant), which is to be run on a monthly
basis without any user interaction.

2. Jumble

• ToolConfig: A readme.txt file is available, where the steps to take are quite easy to follow.
Nevertheless, after following the instructions and setting the classpath, we were not able
to derive a running configuration.

• MutGen: We were not able to get any mutants, due to execution errors.

• RunningTC: Not reachable.

3. Javalanche

• ToolConfig: The javalanche.xml file has to be copied to the current user directory, where it
resides the project to be mutated. Then, it follows an easy configuration phase, i.e., in the
xml configuration file, change the paths towards the installation folder and the working
project directory.
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• MutGen: Javalanche instruments the byte code and then needs to take control over the test
execution. For test execution, Javalanche relies on JUnit test suites. If a test suite is not
supplied, Javalanche just mutates the code, but it can not take over the control of the test
execution.

• RunningTC: We did not manage to reach this step.

Regarding the two coverage tools we have used, we found it easy to setup and integrate them into
a daily build script (e.g., Apache Ant), but also as an Eclipse plugin (both Clover and EclEmma are
available, for integration, as Eclipse plugins).

4.2.4. Conclusion

Mutation testing is an efficient method to detect errors inside the software projects. Unfortunately,
the available open source mutation testing tools we have used so far in our research, have proven
to take a lot of time in order to derive all the configuration settings. Although mutation testing can
assist in revealing many errors, not all of them represent real actual software failures. The problems,
mostly encountered with this technique, are the complexity required to derive the process (as higher
the number of generated mutants is, as higher the computation time), but also the equivalent mutant
problem.

Each of the above described mutation tools requires different configuration settings. The time
effort that we have invested just in configuring each tool and then deriving the entire mutation testing
technique was of several months. From the results obtained during the research work, we state that
mutation can be regarded as a good software quality metric, but special attention should be given
to the drawbacks presented above and, also, to the total amount of time. Meanwhile, setting up the
configuration and then running the code coverage tools has proven to be easy to handle. Based on
other previous works, we compare the results given by code coverage with the ones obtained from the
mutation testing process, and we conclude that, even by 100% code coverage, it is often the case that
the test suite is poor with respect to the inserted mutations, i.e., low mutation score.

What distinguishes our work from the previous ones, e.g., [8, 109], is the fact that we take a huge,
well known and widely used software project, i.e., Eclipse, and start to record different software
metrics. The most important of them is the mutation score metric. For Eclipse we can track the
faults database and, therefore, derive a realistic and practical report of the mutation testing technique,
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together with other quality software metrics, in order to depict real software bugs. One of the work
we report to is the research conducted by Zeller [154].

4.3. Mutation Based Test Case Generation

The work presented in the following section was published in the [129] journal paper.

4.3.1. Introduction

Debugging, i.e., detecting, locating, and correcting a bug, in a program is considered a hard and time
consuming task. This holds especially in the case of software maintenance where the programmer has
little knowledge of the program’s structure and behavior. Today’s research activities mainly focus on
the fault detection part of debugging. Automated verification and testing methods based on models of
the system and specification knowledge have been proposed. Little effort has been spent in automated
fault localization and even less in fault correction. There has been also no research activity bringing
together testing and fault localization and correction, except for the fact that test cases are used for
debugging. However, to the best of our knowledge there is no work that analyzes the impact of test
suites on the obtained debugging results.

We aim to contribute to the test case generation problem in order to improve the results obtained in
automated debugging, based on a model of the program. In particular we show how test cases can be
generated to distinguish potential diagnosis candidates. A potential diagnosis candidate, or diagnosis
candidate for short, is a statement that can explain why test cases fail. A diagnosis candidate does
not need to be the real bug. But the real bug should be included in the list of diagnosis candidates
delivered by an automated debugger; we focus on method level debugging or on small programs (up
to 1000 LOC). This drawback is due to the fact that in our approach we use the full semantic of the
program to encode the debugging problem.

We now consider the following code snippet to illustrate our combined debugging and testing ap-
proach. We use this small program to avoid introducing too much technical overhead and to focus on
the underlying idea.
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1. i = 2 * x;

2. j = 2 * y;

3. o1 = i + j;

4. o2 = i * i;

We cannot say anything about the correctness of such a code fragment without any additional spec-
ification knowledge. Let us assume that we also have the following test case specifying expected
outputs for the given inputs: x = 1, y = 2, o1 = 8, o2 = 4. Obviously, the program computes
the outputs o1 = 6 and o2 = 4, which contradicts the given test case. Therefore, we know that there
is a bug in the program and we have to localize and correct it. At this stage we might use different
approaches for computing potential fault locations. If we use the data and control dependencies of the
program, we might traverse the dependencies from the faulty outputs to the inputs backward. In our
example, we are able to identify statements 1, 2, and 3 as potential candidates.

A different way to locate bugs is to consider statements as equations and to introduce correctness
assumptions. If the test case together with the assumptions and the equations are consistent, the as-
sumptions stating incorrectness of statements can be used as potential diagnosis candidates. Consider,
for example, Statement 1 to be faulty and all other statements to be correct. As a consequence, State-
ment 1 does not determine a value for variable i. However, from Statement 4 and the test case we
can conclude that i has to be 2 (if assuming only positive integers). Hence, we are able to compute
a value for o1 again, which contradicts the given test case. Therefore, the assumption that Statement
1 is a diagnosis candidate cannot be correct. Note that even when assuming that i might be -2, we
are able to derive a contradiction. It is also worth noting that the described approach for generating
diagnosis candidates can be fully automated.

We are able to apply this technique for making and checking correctness assumptions for all state-
ments and finally obtain statements 2 and 3 as diagnosis candidates. For larger programs we might
receive a lot of potential diagnosis candidates and the question of how to reduce their number becomes
very important. One solution is to ask the user about the expected value of intermediate variables, like
i or j, for specific test cases. Such an approach requires more or less executing the program stepwise.
Moreover, especially in the case of software maintenance where a programmer is not very familiar
with the program answering questions about values of intermediate variables, this can hardly be done.
Therefore, we suggest an approach that computes test cases, which allow to distinguish the behavior
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of diagnosis candidates. More specifically, we are searching for inputs that reveal a different behavior
of diagnoses candidates. Such test cases are called distinguishing test cases [201]. In case no such
distinguishing test case can be computed, the diagnosis candidates are, from the perspective of their
input output behavior, equally good.

What prevents us from applying the approach of distinguishing test cases, in order to differentiate
diagnosis candidates, is the fact that the fault localization approaches only give us information about
the incorrectness and correctness of some statements, but not about the correct behavior of potentially
faulty statements. Hence, computing test cases is hardly possible. In order to solve this problem
we borrow the idea of mutation or genetic-based debugging [189, 43]. Mutants, i.e., variants of the
original program, are computed and tested against a test suite. The mutants that pass all test cases are
potential diagnosis candidates. Computing mutants for all statements and testing them against the test
suite is very time consuming and some techniques for focusing on relevant parts of the program have
been suggested. In our case we are able to use the diagnosis candidates for focusing on relevant parts
of the program. Hence, when finding a mutant for a diagnosis candidate that passes all test cases, we
do not only localize the bug but also state a potential correction.

For our example program we might obtain two mutations m1,m2 for statements 2 and 3, e.g., :
m1 =2. j=3*y and m2 = 3. o1=i+j+2. Obviously there are more mutations available, but now,
for illustrating the distinguishing test cases, we use only these two. A distinguishing test case for these
mutants is x = 1, y = 1. Mutant m1 computes the value 5 and mutant m2 the value 6 for the output
variable o1. If we know the correct value of o1, we are able to distinguish the two mutants. From this
example we conclude that we are able to distinguish diagnosis candidates using distinguishing test
cases. In what follows we will provide experimental evidence that the approach is feasible and that it
leads to a reduction of diagnosis candidates when applied to general programs.

We introduce and discuss the approach and tackle the research question regarding the approach’s
usefulness with some exceptions. The programs used for the evaluation are small programs and they
mainly implement algebraic computations. Moreover, we do not handle object-oriented constructs.
However, we do not claim to answer the research question completely. We claim that the approach
can be used for typical programs comprising language constructs like conditionals, assignments, and
loops. The structures of the used programs are similar to those of larger programs or, at least, we do
not see why any big differences should exist. Another argument is that the approach is mainly for
debugging at the level of methods comprising a smaller amount of statements, where our technique is
definitely feasible.
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We briefly recall the basic definitions, introduced in Chapter 2.1. This includes the definition
of test cases and test suites, the debugging problem, as well as the definition of mutations. The
direction of our research deals with debugging based on models of programs, which are written
in a programming language. We have conducted the research under the assumption of an imper-
ative, sequential assignment language L with syntax and semantics similar to Java, ignoring all
object-oriented constructs and method calls. We further restrict the data domain of the language
to integers and booleans. In Figure 4.3 we present an example program, which serves as a run-
ning example. The program implements the binary search algorithm - the algorithm retrieves the
index of the searched element from a sorted array. This program comprises a bug in Line 2, where
boolean condComplex = (length > 0) && (result < 0); would be the correct statement.

1. int result = -1;

2. boolean condComplex = (length == 0) && (result < 0);

// correct version is: length > 0

3. while (condComplex) {

4. if (length == 1) {

5. if (values[start] == value)

6. result = start;

else

7. length = 0;

} else {

8. int m = (start + length) / 2;

9. if (value < values[m])

10. length = length / 2;

else {

11. length = length - length / 2;

12. start = m;

} }

13. condComplex = (length == 0) && (result < 0);

}

14. finalResult = result;

Figure 4.3.: A binary search algorithm comprising a bug in Line 2

In order to state the debugging problem, we assume a program Π ∈ L that does not behave as
expected. In the context of this current section, such a program Π is faulty when there exist input
values from which the program computes output values differing from the expected values. The input
and correct output values are provided to the program by means of a test case. For defining test cases
we introduce variable environments (or environments for short). An environment is a set of pairs (x,v)
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where x is a variable and v its value. In an environment there is only one pair for a variable. We are
now able to define test cases formally as follows:

Definition 16 [Test Case] A test case for a program Π ∈ L is a tuple (I,O) where I is the input
variable environment specifying the values of all input variables used in Π, and O the output variable
environment, not necessarily specifying values for all output variables.

For example a (failing) test case for the program from Figure 4.3 is IΠ : {a = 2;b = 1} and OΠ :
{result = 2}.

A test case is a failing test case if and only if the output environment computed from the program Π,
when executed on input I, is not consistent with the expected environment O, i.e., when exec(Π, I) 6⊇
O. Otherwise, we say that the test case is a passing test case. If a test case is a failing (passing) test
case, we also say that the program fails (passes) the test case. For the program from Figure 4.3 the test
case (IΠ,OΠ) is a failing test case. For input IΠ the program will return result = 3 which contradicts
the expected output OΠ : {result = 2}.

Definition 17 [Test Suite] A test suite TS for a program Π ∈ L is a finite set of test cases of Π.

A program is said to be correct with respect to TS if and only if the program passes all test cases.
Otherwise, we say that the program is incorrect or faulty.

We are now able to state the debugging problem.

Definition 18 [Debugging Problem] Let Π ∈ L be a program and TS its test suite. If T ∈ TS is a
failing test case of Π, then (Π,T ) is a debugging problem.

A solution to the debugging problem is the identification and correction of a part of the program
responsible for the detected misbehavior. We call such a program part an explanation. There are many
approaches that are capable of returning explanations including [189, 203, 115, 3, 114, 27, 130] among
others. In this joint research, we make use of a constraint based debugging approach [27, 130]. In
particular, the approach makes use of the program’s constraint representation to compute possible fault
candidates. So, debugging is reduced to solving the corresponding constraint satisfaction problem
(CSP).

Definition 19 [Constraint Satisfaction Problem (CSP)] A constraint satisfaction problem is a tuple
(V,D,CO), where V is a set of variables defined over a set of domains D connected to each other by
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a set of arithmetic and boolean relations, called constraints CO. A solution for a CSP represents a
valid instantiation of the variables V with values from D such that none of the constraints from CO is
violated.

Note that the variables used in a CSP are not necessarily variables used in a program. We discuss
the representation of programs as a CSP in the next section. Afterwards we introduce an algorithm for
computing bug candidates from debugging problems. This algorithm uses only statements as potential
explanations for a failing test cases. No information regarding how to correct the program is given.
Hence, we have to extend the approach to deliver also repair suggestions. This is done by mutating
program fragments. In the current context, we briefly recall the definitions already introduced in
Section 2.1.

Definition 20 [Mutant] Given a program Π and a statement SΠ ∈ Π. Further let S′
Π

be a statement
that results from SΠ when applying changes like modifying the operator or a variable. We call the
program Π′, which we obtain when replacing SΠ with S′

Π
, a mutant of program Π with respect to

statement SΠ.

Another important issue in the theory of program mutation is the identification of a test case able
to outline the semantic difference between a program and its mutant. We call such a test case a
distinguishing test case.

Definition 21 [Distinguishing Test Case] Given a program Π ∈ L and one of its mutant Π′, a distin-
guishing test case for program Π and its mutant Π′ is a tuple (I, /0) such that for the input value I the
output value of program Π differs from the output value of program Π′.

4.3.2. Related Approaches

This joint research work is mainly based on model-based diagnosis (MBD)[156] and its application
to debugging, dating back to the early 1990s. Console et al. [38] described how to apply MBD for
diagnosing logic programs. They also showed that their approach improves earlier approaches in the
same domain [168]. Bond and Pagurek [16], and Bond [15] improved Console et al.’s paper. The
work on debugging of logic programs more recently led to diagnosis of knowledge bases [59, 60].

Beat Liver [103] described the first application of MBD for ordinary sequential programs. In con-
trast to other MBD based debugging approaches, Liver relies on a specification of the modules com-
prising a program because these specifications are used as model. Therefore, Liver’s approach is
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rather limited. In order to avoid this limitation and to make MBD applicable in all cases where the
source code is available, Friedrich and colleagues [63], and later Wotawa [197], introduced the tech-
niques behind a debugger for VHDL programs. The debugger converts programs into logical models,
which are used directly for locating bugs. In [63] the authors use a model where control and data
dependencies are represented. Wotawa and colleagues [197], represent the structure of a program and
the behavior of the statements as logical equations that are used by a diagnosis engine to compute di-
agnosis candidates. Peischl and Wotawa [203] overcome some limitations of [197], e.g., considering
only combinatorial circuits represented as VHDL programs; they discuss and compare the obtained
results.

Following the approach of representing programs as logical formulas Mayer et al. [114, 116, 117,
118] introduced extensions to handle object-oriented programs. In their approach basically a con-
straint network representation and a solver based only on value propagation are used for debugging.
Because of the underlying model, the approach initially tended to produce too many diagnosis candi-
dates. Improvements, like the introduction of abstractions [116, 114], help to reduce ambiguities and
thus to minimize the overall number of computed diagnoses, making the approach useful even in case
of object-oriented programs.

Also, we make use of model-based diagnosis, where we use a constraint representation of a pro-
gram together with a general constraint solver for fault detection. The use of a general constraint
solver instead of a value propagator helps to reduce ambiguity. Tests have shown that our constraint
approach is as good as the approach used by Mayer [114], where abstract interpretation is used. The
closest work to the research described in this section are [27, 130, 200, 204]. However, instead of
focusing only on constraint-based debugging, we present an approach for debugging based on con-
straints, mutations and the generation of distinguishing test cases that allows for a methodical and
algorithmic reduction of fault candidates (based on available knowledge, i.e., the source code, and a
test suite). Moreover, our approach allows generating test suites based on the ability of distinguishing
fault candidates.

Program mutations is mainly used for testing [24],[146, 142],[140]. However, recently, program
mutation was also used for debugging. In [189] and more recently [43] the authors describe the
application of mutations and genetic programming to program debugging. In order to avoid computing
too many mutants, the authors use focusing techniques based on dependences and spectrum-based
methods [87, 3], respectively. The use of mutations is similar to our work. The difference is that we
are using constraints together with mutations and generation of distinguishing tests, for reducing the
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size of the fault candidates set.

Gotlieb and colleagues [68] presented an approach that makes use of constraints for test case gen-
eration. The approach presented in this paper shares the idea of using constraints and a constraint
solver for test case generation. We focus however, on computing tests that distinguish between fault
candidates (instead of computing arbitrary tests). Collavizza and Rueher [35] published further work
in the context of program verification. Contrary to their work, we are interested in locating the fault
instead of only detecting it. It is also worth mentioning that there are many other works on testing
within the MBD community, e.g., [169, 120, 56]. In [169] the authors also describe a method for
computing distinguishing test cases, but there the focus is more on hardware and not on software like
in our case.

Other more recent approaches of debugging include delta debugging [207], which can be applied to
test case minimization as well as to fault localization, e.g., [70], spectrum-based debugging [87, 3, 4],
and slicing based methods like [97, 13, 208, 199, 127]. Spectrum-based debugging makes use of a test
suite to identify the most likely fault candidates. The idea is to check whether a statement is executed
in a passing or failing run. In case a statement is only called in failing test cases, it is most likely to
be faulty. When a statement is only executed in passing test cases, the statement cannot contribute to
the faulty behavior and thus can be excluded from the list of fault candidates. For statements that are
executed in failing and passing program runs a coefficient is computed based on the information about
how often a statement is executed in passing or failing runs. There are many coefficient definitions
available, e.g., Ochiai used by Abreu et al. [3, 4]. Empirical results indicate that spectrum-based
debugging generally gives good ranking results that allow focusing the users’ attention to a smaller
portion of the source code to be examined in order to correct the bug. However, the outcome depend
on the structure of the program, and in the worst case, i.e., programs where only data flow is present,
spectrum-based debugging does not give any useful ranking (because all statements are equally likely
to be faulty in this case).

Slicing-based approaches make use of the data and control flow for debugging. The idea is to
trace back from wrongly computed variables along the data and control flow graph, ignoring those
statements that do not have an influence on the computation of the value. Weiser [190, 191] pointed
out that this approach is very close to the approach used by programmers for fault localization. The
static approach for slicing [190, 191] does not make use of test cases when computing a slice. Hence,
the statements that are element of such a computed slice are most likely a super set of the statements
necessary to compute a faulty value for a specific test case. In order to get rid of the problem Korel
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and Laski [92] invented the concept of dynamic slicing to be used for debugging [93]. There are also
several improvements given in literature, e.g., [48, 208]. Interestingly there is a close relationship
between slicing and MBD. Wotawa [198] proved this relationship for the static slicing case. In [127]
dynamic slices together with some MBD techniques are used to compute possible root causes of a
misbehavior together with their probabilities for being faulty.

4.3.3. Generating Distinguishing Test Cases

Before converting a program Π ∈ L into its corresponding constraint representation we have to apply
some intermediate transformation steps. These transformations are necessary for removing its imper-
ative behavior, i.e., making it a declarative one, as required by the constraint programming paradigm.

Our three step algorithm for converting a program and encoding its debugging problem into a CSP
is as follows:

1. Loop elimination ΠLF = LR(Π): We define loop-elimination as a recursive function where
n≥ 0 is the number of iterations:

LF(while C {B},n) ={
if C {B LF(while C {B},n−1)} if n > 0
if C { too many iterations = true; } otherwise

We replace each loop-structure by a number of nested if-statements, i.e., number of iterations.
The number of iterations n, is given by the test case. We furthermore make use of a variable
too many iterations that handles the situation where a test case exceeds n. The variable
too many iterations has to be declared and initialized with false. This can be easily done
by assuming that the first line of a converted program always is boolean too many iterations

= false; . It is worth looking at the consequences when not using the variable too many iterations.
We illustrate this by means of a simple example. Consider the following program:

1. x = inp + 3;

2. while (x > 5 ) {

3. x = x - 1;

4. }
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This example implements a function that sets x to inp if inp ≤ 5 and to 5, otherwise. The
unrolled version of the program assuming n = 0, i.e., a program run without iterations, and not
using the too many iterations variable would be the following:

1. x = inp + 3;

When considering the only remaining statement as equation, all values fulfilling this equation
are test cases. Therefore, inp=4 and x=7 would be a test case. Unfortunately, this is not a valid
test case for the original program. Consequently, there must be an indicator in case a solution
exceeds the pre-defined number of iterations. In our conversion this is handled with the special
variable too many iterations. Note that we do not include too many iterations in the
SSA conversion process, this being a necessary precondition for step 2 of our algorithm.

For the two iterations version of the program from Figure 4.3 have a look at Figure 4.4.

2. SSA conversion ΠSSA = SSA(ΠLF): The static single assignment (SSA) form is an intermediate
representation of a program with the property that no two left-side variables share the same
name. This property of the SSA form allows for an easy conversion into a CSP. It is beyond our
scope to detail the program-to-SSA conversion. However, to be self-contained we only explain
the necessary rules needed for converting our running example into its SSA representation. For
more details regarding the SSA-conversion see, for example, [200].

• We convert assignments by adding an index to a variable each time the variable is defined,
i.e., occurs at the left side of an assignment. If a variable is re-defined, we increase its
unique index by one such that the SSA-form property holds. The index of a referenced
variable, i.e., a variable occurring at the right side of an assignment, equals to the index of
the last definition of the variable.

• We split the conversion of conditional structures into three steps: (1) the entry condition
is saved in an auxiliary variable, (2) each assignment statement is converted following the
above rule, and (3) for each conditional statement and variable defined in the sub-block of
the statement, we introduce an evaluation function

Φ(vthen,velse,cond)
def
=

{
vthen if cond= true
velse otherwise

which returns the statement conditional-exit value, e.g., vafter = Φ(vthen,velse,cond).
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0. boolean too_many_iterations = false;

1. int result = -1;

2. boolean condComplex = (length == 0) && (result < 0);

// correct is: length > 0

3. if (condComplex) {

4. if (length == 1) {

5. if (values[start] == value)

6. result = start;

else

7. length = 0;

} else {

8. int m = (start + length ) / 2;

9. if (value < values[m])

10. length = length / 2;

else {

11. length = length - length / 2;

12. start = m; } }

13. condComplex = (length == 0) && (result < 0);

14. if (condComplex) {

15. if (length == 1) {

16. if (values[start] == value)

17. result = start;

else

18. length = 0; }

else {

19. int m = (start + length ) / 2;

20. if (value < values[m])

21. length = length / 2;

else {

22. length = length - length / 2;

23. start = m;}}

24. condComplex = (length == 0) && (result < 0);

25. if (condComplex) {

26. too_many_iterations = true;}}}

27. finalResult = result;

Figure 4.4.: Two iteration unrolling for the program from Figure 4.3

• Arrays in our case need not to be treated specially because the used constraint solver is
able to handle arrays directly.

The way we handle arrays is similar to the way we handle assignment statements. For
the purpose of explaining the conversion of arrays, we assume an array A of length n > 0
with elements 〈a1...ai...an〉. The access to elements is assumed to be done using the []

operator, which maps from A and a given index i to the array element ai. We now discuss
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two cases, i.e., the array is used at the right side of an assignment, and the array occurs at
the left side of an assignment.

In a statement of type z = A[E], i.e., the array access is found at the right hand of an
equation with index E, A is represented in the SSA form as A k, where k is the currently
given unique index k for the array A.

The more difficult part is handling statements like A[m] = xexpr, where the array is on the
left hand side of an assignment. For this purpose we use an update array function [42]:
Ψ(A, i,exp). The function Ψ returns a new array A′, which except for the value at index i,
has the same values as the array A. For example, if we encounter statement A[m] = xexpr

during conversion, then its SSA form is Ak+1 = Ψ(Ak,m,xexpr). We now formally define
the function Ψ. Assume a program fragment A[i] = f(~x), where the i-th element of A is
set to the outcome of function f given parameters~x. This statement only changes the i-th
element but not the others.

{ A } // A before the statement

A[i] = f(~x)
{ A’ } // A after the statement

The new value after executing the statement is given as follows: A’[i] = f(~x) and
∀ j ∈ {1, . . . ,n}, i 6= j: A’[ j] = A[ j]. As a consequence, we assume that the func-
tion Ψ (written as Psi in the source code) implements this semantics in order to allow for
replacing the original statement with A = Ψ(A,i, f(~x)). Note that this semantics might
not be correct in general. In particular, in the case of side-effects the converted program
behaves differently than the original one.

The SSA representation of the program from Figure 4.4 is given in Figure 4.5.

3. Constraint conversion CON = CC(ΠSSA): This last step of the conversion process transforms
the SSA statements to the corresponding constraints, including also the encoding of the debug-
ging problem. For this purpose we introduce a special Boolean variable AB(S) for a statement
S, that states the incorrectness of a statement S. The constraints model of a statement comprises
corresponding constraints or-connected with AB(S). Let S ∈ ΠSSA and let CS be the constraint
encoding statement S in the constraint programing language. Note that φ functions cannot be
incorrect. Hence, no AB variable is defined for statements using φ. We model S in CON as
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0. boolean too many iterations = false;

1. int result_0 = -1;

2. boolean condComplex_1=(length_0==0)&&(result_0<0);

3. boolean cond_0=condComplex_1==true;

4. boolean cond_1=cond_0&&length_0==1;

5. boolean cond_2=cond_1&&values_0[start_0]==value_0;

6. int result_1=start_0;

7. int length_1=0;

8. int result_2=φ(result_0,result_1,cond_2);

9. int length_2=φ(length_1,length_0,cond_2);

10. int m_1=(start_0+length_0)/2;

11. boolean cond_3=!cond_1&&value_0<values_0[m_1];

12. int length_3=length_2/2;

13. int length_4=length_2-length_2/2;

14. int start_1=m_1;

15. int length_5=φ(length_4,length_3,cond_3);

16. int start_2=φ(start_1,start_0,cond_3);

17. int result_3=φ(result_0,result_2,cond_1);

18. int length_6=φ(length_5,length_3,cond_1);

19. int m_2=φ(m_1,m_0,cond_1);

20. int start_3=φ(start_2,start_0,cond_1);

21. boolean cond_4=cond_0&&condComplex_1==true;

22. boolean cond_5=cond_4&&length_6==1;

23. boolean cond_6=cond_5&&values_0[start_3]==value7_0;

24. int result_4=start_3;

25. int length_7=0;

26. int result_5=φ(result_3,result_4,cond_6);

27. int length_8=φ(length_7,length_6,cond_6);

28. int m_3=(start_3+length_6)/2;

29. boolean cond_7=!cond_5&&value_0<values_0[m_3];

.....................................................

52. int m_7=φ(m_3,m_6,cond_0);

53. int length_20=φ(length_15,length_19,cond_0);

54. int length_21=φ(length_16,length_20,cond_0);

55. int start_9=φ(start_4,start_8,cond_0);

56. boolean condComplex_6=get_branch(condComplex_3,condComplex_5,cond_0);

57. int finalResult_1=result_9;

Figure 4.5.: Partial SSA representation corresponding to the program from Figure 4.4

follows:

CON∪

{
AB(S)∨CS if S does not contain φ

CS otherwise

Hence the CSP representation of a program Π is given by the tuple
(VπSSA ,DSSA,CON), where VπSSA represents all variables of the SSA representation ΠSSA of pro-
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gram Π, defined over the domains DSSA = {Integer,boolean}.

Debugging of a program requires the existence of a failing test case. This means that in addition
to the set of constraints CON, we must add an extra set of constraint encoding a failing test
case (I,O). For all (x,v) ∈ I the constraint x 0 = v is added to the constraint system. For all
(y,w) ∈ O the constraint y ι = w is added where ι is the greatest index of variable y in the SSA
form. Let CONTC denote the constraints resulting from converting the given test case. Then, the
CSP corresponding to the debugging problem of a program Π is now represented by the tuple
(VπSSA ,DSSA,CON ∪CONTC). If there is more than one failing test cases, then each failing test
case will form together with the program a single debugging problem.

In our implementation we model the CSP to represent the debugging problem in the language
of the MINION constraint solver [64]. MINION is an out of the box, open source constraint
solver. Its syntax requires a little effort in modeling the constraints than other constraint solvers,
e.g., it does not support different operators on the same constraint. Because of this drawback
sometimes complex constraints have to be split into two or three more simpler constraints.
However, because of this characteristic, MINION, unlike other constraint solver toolkits, does
not have to perform an intermediate transformation of the input constraint system. For example
the MINION representation of statement 1 from Figure 4.5 is shown in Figure 4.6 given by
statements 1,2,3 and 4, whereas the MINION constraints corresponding to line 4 of the program
from Figure 4.5 are represented by: 9, 10, 11, 12. Statements 15 to 18 from the MINION
representation correspond to the Φ functions given in statement 7 and 8 from Figure 4.5, and
the last SSA statements from Figure 4.5, to, correspond to the Minion statements 111 to 121
. The failing test case is given by the lines 125 to 129. As it can be easily noticed the correct
output should be 1, which is not the case, because for the current failing statement, the program
will always output -1, independent from the input value.

The approach presented above comprises 3 steps. In the first step we compute a set of bug candi-
dates, i.e., program statements that might cause the revealed misbehavior, from the constraint repre-
sentation of the program Π ∈ L . In the second step, we compute the set of mutants for each candidate
that lead to a new program passing all previously failing test cases. If no such mutant can be found
we remove this candidate from the list of bug candidates. In the third step, we compute distinguishing
test cases that distinguish between two randomly selected bug candidates. We execute the third step
several times until the number of bug candidates is smaller than a given value or no further reduction
is possible. In this section, we explain each of the debugging steps starting from the computation of
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1. watched-or({element(ab,1,1), reify(ineq(0,length_0,-1 ),cond_aux1)})

2. watched-or({element(ab,1,1), reify(ineq(result_0,0,-1 ),cond_aux2)})

3. watched-or({element(ab,1,1), reify(watchsumgeq(

[cond_aux1,cond_aux2], 2),condComplex_1)})

..................................................

9. element(values_0,start_0,auxARRAY1)

10. reify(eq(auxARRAY1,value_0),cond_aux6)

11. watched-or({element(ab,4,1), reify(watchsumgeq(

[cond_aux6,cond_aux6], 2),cond_aux7)})

12. watched-or({element(ab,4,1), reify(watchsumgeq(

[cond_1,cond_aux7], 2),cond_2)})

....................................................

15. watched-or({eq(cond_2,0), eq(result_2,result_1)})

16. watched-or({eq(cond_2,1), eq(result_2,result_0)})

17. watched-or({eq(cond_2,0), eq(length_2,length_0)})

18. watched-or({eq(cond_2,1), eq(length_2,length_1)})

....................................................

111. watched-or({eq(cond_0,0), eq(m_7,m_6)})

112. watched-or({eq(cond_0,1), eq(m_7,m_3)})

113. watched-or({eq(cond_0,0), eq(length_20,length_19)})

114. watched-or({eq(cond_0,1), eq(length_20,length_15)})

115. watched-or({eq(cond_0,0), eq(length_21,length_20)})

116. watched-or({eq(cond_0,1), eq(length_21,length_16)})

117. watched-or({eq(cond_0,0), eq(start_9,start_8)})

118. watched-or({eq(cond_0,1), eq(start_9,start_4)})

119. watched-or({eq(cond_0,0), eq(condComplex_6,condComplex_5)})

120. watched-or({eq(cond_0,1), eq(condComplex_6,condComplex_3)})

121. watched-or({element(ab,12,1), eq(finalResult_1,result_9)})

....................................................

125. eq(value_0, 3)

126. lexleq(values_0,[2,3])

127. lexleq([2,3], values_0)

128. eq(start_0, 0)

129. eq(finalResult_1, 1)

Figure 4.6.: The Constraint Representation of the Program From Figure 4.5

candidates using the CSP representation to the computation and use of distinguishing test cases.

Let CONΠ be the constraint representation of a program Π and CONT the constraint representation
of a failing test case T . The debugging problem formulated as a CSP comprises CONΠ together with
CONT . Note that in CONΠ assumptions about correctness or incorrectness of statements are given,
which are represented by a variable AB assigned to each statement. The algorithm for computing bug
candidates calls the CSP solver using the constraints and asks for a return value of AB as a solution.
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The size of the solution corresponds to the size of the bug, i.e., the number of statements that must be
changed together in order to explain the misbehavior. We assume that single statement bugs are more
likely than bugs comprising more statements. Hence, we ask the constraint solver for smaller solutions
first. If no solution of a particular size is found, the algorithm increases the size of the solutions to be
searched for and iterates calling the constraint solver. This is done until either a solution is found or
the maximum size of a bug, which is equivalent to the number of statements in Π, is reached.

Algorithm CSP Debugging (CONΠ,CONT )

Inputs: A constraint representation CONΠ of a program Π, and a constraint representation CONT of a
failing test case T .
Outputs: A set of minimal bug candidates.

1. Let i be 1.

2. While i smaller or equal to the number of statements in Π do:

a) Call the constraint solver using CONΠ, CONT to search for solutions regarding the AB
variables, where only i statements are allowed simultaneously to be incorrect.

b) If the constraint solver returns a non-empty set of solutions, then return this set as result
and leave the algorithm.

c) Otherwise, let i be i+1.

3. Return the empty set as result.

For example, for the constraint system from Figure 4.6 the constraint solver MINION finds 5 pos-
sible explanations for the failing test case I : (a 0 = 0,b 0 = −250),O : (result 7 = 0) in less than
0.1s; the working environment was Eclipse, using an Intel Pentium Dual Core 2 GHz computer with
4 GB RAM. This result is very satisfactory, especially with respect to computation time. However,
further steps might be performed in order to reduce the size of the bug candidates. For this purpose
we suggest the use of mutations.

Assume a faulty program Π and a failing test case (I,O). Let DAB be the set of bug candidates ob-
tained when calling CSP Debugging on the constraint representation of Π and (I,O). The following
algorithm makes use of program mutations for further restricting DAB.

Algorithm Filter TestCase (DAB,Π,T )
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Inputs: A set of bug candidates DAB, the faulty program Π, and the failing test case T .
Outputs: A set of mutants MutΠ of program Π.

1. Let MutΠ be the empty set.

2. For all elements d ∈ DAB do:

a) Generate all mutants of program Π with respect to the statements stored in d and store
them in VMut .

b) Add to MutΠ every program Π′ ∈VMut , which passes the test case T .

3. Return MutΠ.

The Filter TestCase algorithm returns for the faulty program Π a set of repair possibilities MutΠ.
Due to the usage of the debugging algorithm CSP Debugging, we compute the repair only for the
resulting bug candidates set DAB. A mutant is part of MutΠ, i.e., a repair, if and only if it is able to
pass the failing test case T . Hence, we expect that the number of bug candidates can be reduced.
Moreover, since mutation is only applied for bug candidates we do not need to compute all possible
mutations even in the case when they cannot explain the revealed misbehavior.

The number of repair possibilities for a statement of the DAB set is strongly tied to the capabili-
ties of the used mutation operators and the used mutation tool. Because of this fact this part of the
approach is as good as the available capability of the used mutation tool. Note that after applying
the Filter TestCase algorithm, in our experiments we were able to eliminate between 20% and 90%
of the bug candidates, because of the inability of the suggested repair to pass the test case. Hence,
filtering based on mutations was very successful.

The last step of our algorithm comprises the integration of distinguishing test cases to further reduce
the bug candidate set. Let MutΠ be the set of mutants for a program Π obtained after applying the
Filter TestCase algorithm. And let CONMutΠ be the constraint representation of the programs from
MutΠ.

Algorithm TestCase Generator MutΠ,CONMutΠ

Inputs: A set of valid repair possibilities, MutΠ, for a faulty program Π and their constraint represen-
tation CONMutΠ .
Outputs: A subset of MutΠ.

1. Let Tested be empty.
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2. If there exist mutants Π′,Π′′ ∈MutΠ with (Π′,Π′′) /∈ Tested, add (Π′,Π′′) to Tested and pro-
ceed with the algorithm. Otherwise, return MutΠ

3. Let CONΠ′ and CONΠ′′ ∈ CONMutΠ be the constraint representation of programs Π′ and Π′′

respectively.

4. Let CONTC be the constraints encoding InputΠ′ = InputΠ′′ = I∧Out putΠ′ 6= Out putΠ′′

5. Solve the CSP: CONΠ′ ∪CONΠ′′ ∪CONTC using a constraint solver.

6. Let O be the correct output for the original program Π on input I (derived from user interaction
or specifications).

7. If Out putΠ′ 6= O, then delete Π′ from MutΠ.

8. If Out putΠ′′ 6= O, then delete Π′′ from MutΠ.

9. If (CSP has no solution) go to step 1.

10. For all Π′ ∈MutΠ do:

a) If Π′ fails on generated test case (I,O) delete Π′ from MutΠ.

11. Return MutΠ.

The above algorithm searches for two mutants, distinguished via a test case. The algorithm in
the current form is restricted to search for only one pair of such mutants but can be easily changed
in order to compute several different pairs where a distinguishing test case is available. The only
disadvantage of this algorithm is that Step 6 requires an interaction with an oracle. If no automated
oracle is available user interactions are required and prevent the approach from being completely
automated. To solve the constraint system resulted at step 5 we use the MINION constraint solver.
Another characteristic of this approach is that, for the CSP to be solvable, the name of the variables
of the two mutants should differ. This is however an encoding problem which can be easily overcome
by encapsulating in the name of each variable the name of the mutant file. When using the above
approach for the example from 4.4 we are able to reduce the conflict set to one element, which was
also the correct one. For more information regarding distinguishing test cases and their computation
using MINION, we refer the interested reader to [201].

To obtain the program’s set of mutants relative to the set of fault candidates we relay on the JAVA
mutation tool MuJava [105]. MuJava is a Java based mutation tool, which was originally developed
by Offut, Ma, and Kwon. Its main three characteristics are:
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1. Generation of mutants for a given program.

2. Analysis of the generated mutants.

3. Running of provided test cases.

Due to the new implemented add-ons, the tool supports a command line version for the mutation
analysis framework, which offers an easy integration of the tool in the testing or debugging process.

Offutt proved that the computational cost for generating and executing a large number of mutants
can be expensive, and thus he proposed a selective mutation operator set that is used by the MuJava
tool. As already presented in the beginning of this Chapter, the tool implements both types of mutation
operators:

• Method level mutation operators (also called traditional), which modify the statements inside
the body of a method;

• Class level mutation operators, which try to simulate faults specific to the object oriented
paradigm (for example faults regarding the inheritance or polymorphism).

In mutation testing one significant problem is represented by the equivalent mutant problem. A
mutant is said to be equivalent with the original program when there is no test case that can detect that
modification - the output will always be the same with the output of the original program. Figure 4.7
illustrates this particular situation, in the case of an arithmetic operator replacement (AOR) mutation.
These mutants should be detected because, otherwise, there will never be killed. This is a tedious task,
which can not be performed manually. In order to derive an automated detection of the equivalent
mutants, there were proposed several techniques [142, 71, 167] .

if( a == 2 && b == 2)

c = a * b;

−−−−−−−−−−−−−−−−→
Applying AOR operator

if( a == 2 && b == 2)

c = a + b;

Figure 4.7.: Equivalent Mutant

For our experiments, up to now we have considered only traditional mutation operators. More-
over, we further restrict the mutation operators to mutations on expressions comprising deletion, re-
placement, and insertion of primitive operators (arithmetic operators, relational operators, conditional
operators, etc.). Mutation by deletion of operands or statements was proved to be inefficient [140].
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Because of the selected tools there are currently some limitations of our implementation. For exam-
ple, if the bug is on the left side of an assignment we cannot correct it. Another limitation is due to
constants. If the bug occurs in the initialization, MuJava is not able to generate any mutants. Missing
statements are another limitation imposed by the currently used tools. Therefore, we currently do not
consider bugs because of missing statements. Finally, there is a limitation regarding multiple bugs in
one statement. The MuJava tool is not able to mutate more than one variable or operator per statement
and mutant, i.e., each mutant contains only one change when compared with the original program.

Experimental results

We tested the approach using a set of programs implementing various numerical operators as well
as searching. Moreover, we also applied our approach to the tcas program that is often used in the
debugging research community, e.g., [114] for comparing different approaches. In each program we
manually injected one single fault. All the injected faults can be found at the right side of an assign-
ment statement. With the exception of the tcsa03 program all faults are functional faults, i.e., there
are no changes in the program structure, e.g., caused by changing a variable. Furthermore, we used
the original bug free version of each faulty program as the test oracle in our experiments. Using the
output values of the original bug-free program, we were able to decide which of the mutants should
be eliminated after computing the distinguishing test cases. Obviously, in the real life situation some-
one cannot benefit from the existence of such a reference program or other executable specification.
Consequently, when applying out method in a real world setting, the user has to determine the correct
output for the given inputs.

The process of mutant generation, program to CSP conversion, and the computation of the conflict
set is fully automated. The generation of the distinguishing test cases was performed manually with
the help of the MINION constraint solver. Basically, we have to manually construct the used constraint
system. However, even this step can and will be fully automated in future releases of our prototype. In
order to obtain the experimental results, we applied the following process. For each program we first
performed the conversion into its constraint representation. Then we computed the fault candidates.
For each fault candidate, i.e., faulty statement, we computed all its possible mutants. We eliminated
from the generated set of mutants all mutants which were not able to pass the error revealing test
case. In addition, we tested the number of oracle-interactions required to obtain the minimal set of
faulty components. By an ”oracle-interaction” we mean repeating the TestCase Generator algorithm
until no other distinguishing test case can be generated, i.e., each time we applied the algorithm we
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asked the oracle, i.e., the original fault free program in our case, to provide the correct output for the
generated test case.

The results of the experimental study are given in Table 4.7 and 4.8, which contain the following
information:

• a number of iterations It,

• the number of variables Varπ,

• its size given in lines of code LOCπ,

• the number of inputs Inputs,

• number of outputs Outputs,

• the size of its SSA representation given as lines of codeLOCSSA,

• the number of MINION constraints |CO|,

• the number of MINION variables over which the constraint system is defined VarCO,

• the number of fault candidates |Diag|,

• the size of the conflict set resulted after applying Filter TestCase algorithm, |Diagfilt|,

• the number of calls to the TestCaseGenerator algorithm, #UI, necessary to obtain the number
of fault candidates,

• the number of fault candidates |DiagTC|.

When analyzing Table 4.7, we observe that in most cases we were able to eliminate more than
half of the initial fault candidates. Hence, reducing the diagnosis candidates by eliminating those
candidates where no mutant that passes the original test suite can be found, is very effective. The use
of distinguishing test cases further reduces the number of fault candidates. Thus in many cases only
one diagnosis candidate remains, which was always the correct one.

However, when using larger programs like tcas files from Table 4.8, a reduction to one diagnosis
candidate was not possible. But even in this case, the approach leads to a reduction of more than
80 percent regarding the computed diagnosis candidates. It is worth noting that a reduction to one
candidate is not always possible, as programs can be corrected at different locations. Also, regarding
the tcas files, it can be seen that in some situations no elimination was done, due to the limitations
imposed by the mutation tool. For constant assignments, e.g., ConstVal = 20, we do not generate
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Name It Varπ LOCπ Inputs Outputs LOCSSA |CO| VarCO |Diag| |Diagfilt| #UI |DiagTC|
tcas01 1 48 125 12 1 125 98 132 28 15 1 14
tcas02 1 48 125 12 1 125 98 132 26 - - -
tcas03 1 48 125 12 1 125 98 132 27 13 1/2/3/4 13/12/9/9
tcas04 1 48 125 12 1 125 98 132 25 14 1 14
tcas05 1 48 125 12 1 125 98 132 25 14 1 13
tcas06 1 48 125 12 1 125 98 132 25 12 1/2/3/4 12/12/12/11
tcas07 1 48 125 12 1 125 98 132 9 5 1 5
tcas08 1 48 125 12 1 125 98 132 27 13 1/2/3/4 11/11/11/10
tcas09 1 48 125 12 1 125 98 132 11 6 1/2/3/4 6/5/5/4
tcas10 1 48 125 12 1 125 98 132 29 18 1 17
tcas11 1 48 125 12 1 125 98 132 23 13 1 13
tcas12 1 48 125 12 1 125 98 132 23 12 1 12
tcas13 1 48 125 12 1 125 98 132 27 5 0 5
tcas14 1 48 125 12 1 125 98 132 6 2 0 2
tcas15 1 48 125 12 1 125 98 132 24 12 1 11
tcas16 1 48 125 12 1 125 98 132 26 6 0 6
tcas17 1 48 125 12 1 125 98 132 9 2 0 2
tcas18 1 48 125 12 1 125 98 132 9 2 0 2
tcas19 1 48 125 12 1 125 98 132 9 2 0 2
tcas20 1 48 125 12 1 125 98 132 27 13 1/2/3/4 13/12/12/11
tcas21 1 48 125 12 1 125 98 132 27 16 1/2/3/4 16/16/16/15
tcas22 1 48 125 12 1 125 98 132 8 4 1 4
tcas23 1 48 125 12 1 125 98 132 9 5 1 5
tcas24 1 48 125 12 1 125 98 132 24 - - -
tcas25 1 48 125 12 1 125 98 132 9 5 1 4
tcas26 1 48 125 12 1 125 98 132 25 14 1 14
tcas27 1 48 125 12 1 125 98 132 25 12 1 12
tcas28 1 48 125 12 1 125 98 132 14 7 1 7
tcas29 1 48 125 12 1 125 98 132 10 5 1 5
tcas30 1 48 125 12 1 125 98 132 13 9 1 9
tcas31 1 48 125 12 1 125 98 132 24 - - -
tcas32 1 48 125 12 1 125 98 132 23 13 1 13
tcas33 1 48 125 12 1 125 98 132 9 3 0 3
tcas34 1 48 125 12 1 125 98 132 22 12 1 12
tcas35 1 48 125 12 1 125 98 132 14 8 1 8
tcas36 1 48 125 12 1 125 98 132 2 2 1 2
tcas37 1 48 125 12 1 125 98 132 9 - - -
tcas38 1 48 125 12 1 125 98 132 1 - - -
tcas39 1 48 125 12 1 125 98 132 9 - - -
tcas40 1 48 125 12 1 125 98 132 8 - - -
tcas41 1 48 125 12 1 125 98 132 27 17 1 17

Table 4.8.: TCAS Experimental Results
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any mutants. Therefore, these statements will always be part of the fault candidates set. Another
limitation of the mutation tool is that it does not remove/add statements or variables. Hence, there
were cases when the approach failed , because the error was caused by statement insertion, e.g.,
tcas02, or by missing variables, e.g., tcas37. In his PhD thesis, Mayer [114] also used the 41 tcas
files, but compared to his results, e.g., 88.3 percent, we were able to obtain a score of 92.7 percent,
after applying the filtering algorithm.

Another factor, which influences the quality of the obtained results, is the way of choosing the
mutant pairs for computing distinguishing test cases. Unfortunately, there is no theory available for
predicting a certain pair of mutants that when selected produces the best or worst distinguishing test
case. Because of that we randomly selected the pair of mutants when carrying out the experimental
evaluation. Note that we also observed that after trying out all mutant pairs for the DivATC V4 pro-
gram the best distinguishing test case would lead to 1 element in the conflict set contrary to 3 given in
Table 4.7.

It is also worth noting that computing the diagnosis candidates and the distinguishing test cases
using the CSP solver MINION was very fast. In our experiments the necessary time for computing a
distinguishing test case never exceeded 0.3 seconds using a Pentium 4 Dual core 2 GHz with 4 GB of
RAM computer. Hence, for smaller programs or program parts that can be separately analyzed like
methods the proposed approach is definitely feasible.

The computational complexity of the approach has to take into consideration the complexity for
generating the mutants, converting a program to its constraint representation and the debugging com-
plexity. From mutants generation perspective, as larger the programs are, as higher the complexity
is. This is why, currently, we restrict the approach to small to medium size programs. Converting a
program to its constraint representation requires a polynomial time; the programs considered in the
experiments are all finite, hence the conversion will always terminate. Regarding the last step, we
can state that the debugging complexity is given by the complexity for solving the constraint system.
In case of finite domains, after checking all the solutions, the constraint solver will terminate. The
computational complexity for solving the constraint system is exponential with the number of used
variables.
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4.3.4. Future Steps

In this joint research work we presented an approach for restricting the number of potential diagnosis
candidates by means of distinguishing test case generation and program mutation. A distinguishing
test case for two diagnosis candidates is characterized by a set of inputs that reveal different executions
for both diagnosis candidates such that they can be distinguished with respect to their output behavior.
Just using the distinguishing test case alone we are not able to decide which diagnosis candidates to
remove or if we should eliminate both from the list of candidates. This can only be done after consult-
ing a test oracle, e.g., the user or a formal specification, for the expected output of the distinguishing
test case. Candidates where the computed output is not equivalent to the expected one can be elimi-
nated. The advantage of this approach is that only the input-output behavior of a program is used for
distinguishing diagnosis candidates. Moreover, the approach computes additional test cases based on
their discriminating power for distinguishing diagnosis candidates. Usually, test cases are generated
for fulfilling coverage criteria like statement coverage or branch coverage.

Besides the theoretical contribution we extend the first experimental results [127] of the proposed
approach. The results indicate that the approach allows a substantial reduction in the diagnosis can-
didates. For smaller programs we were able to reduce the diagnosis candidates to the real bug. Obvi-
ously, this was not always the case. For larger programs more diagnosis candidates remain. This has
been somehow expected because programs cannot be usually corrected only by replacing one state-
ment with another. Instead the right repair actions might comprise changes at different positions in
the program. In future work we want to extend the experimental study. This includes the use of larger
programs as well as example programs comprising multiple faults.

4.4. Equivalent Mutant Detection

As we presented along the thesis, one major problem of mutation testing is the equivalent mutant
problem. In Section 4.2, we focused on running the extended MuJava tool over a well known and
widely used software project, i.e., the Eclipse framework [75], and to establish whether or not mu-
tation testing is scalable to real-world software applications. But mutation testing proved to be quite
complex. A significant number of mutants were generated, which requires a lot of time for execu-
tion. Moreover, during the experiments we observed that we have to deal with equivalent mutants
in many cases. As a consequence, we concluded that solving the equivalent mutants problem is an
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important issue in mutation testing. First of all, the runtime complexity can significantly decrease, and
also, through equivalent mutants detection and deletion, we achieve a more accurate mutation score.
Therefore, we focused our attention towards this challenge.

We briefly recall that a mutant is said to be equivalent if there is not such a test case, able to dif-
ferentiate between the output of the mutant and the output of the original program. When considering
the definition of the mutation score, we see that detecting all equivalent mutants is very important.
In literature several techniques for equivalent mutant detection exist, e.g., [142, 167]. Since the early
stage of the research aimed to apply mutation testing in an industry setting, we have made as research
goal the detection and removal of equivalent mutants, for our concrete environment. We strive on
giving an answer to this problem and start the basis of a tool, EqMutDetect , serving our purpose.
We base our approach and our tool implementation on MuJava and on constraint solving, for proving
the mutants equivalence.

The equivalent mutant problem is a decision problem that allows to determine whether a program is
behavioral equivalent to its mutant. This problem is obviously equivalent to the program equivalence
problem that is well known to be undecidable in general.

4.4.1. Related Work

An approach for mutant detection is described in [71]. The authors use program slicing for solving
the equivalent mutant problem. In order to show whether a mutant is equivalent or not, the described
technique compares the effect of a program and its mutant on certain variables. [147] introduces
a solution most closely to ours, which is also based on constraints. The authors developed a tool
that implements a mathematical constraint algorithm. For determining the equivalent mutants, the
authors use constraints to recognize infeasible constraints that produce equivalent mutants. The used
constraint will describe the circumstances under which a mutant must be detected, i.e., if a test case
can detect the mutant, then the constraint system will be true. Otherwise, no test case is able to kill the
mutants, and, therefore, an equivalent mutant is detected. The authors state that a mutation is detected
only when it satisfies three conditions: reachability, necessity and sufficiency. Unlike in our approach,
where we make use of the distinguishing test case concept, the authors propose three strategies to
detect equivalent mutants: negation, constraint splitting and constants comparison. For negation, the
authors use constraint negation and partial negation of two constraints, e.g., C1 and C2, rewrite one
of the two constraints and then compare them. If they are syntactically equal, then the constraint
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system is infeasible and a mutant with this infeasible constraint system is equivalent. But constraint
negation does not help in determining if the necessity constraint conflicts with the path expression.
Therefore, in order to detect conflicts, constraint splitting is introduced. Constant comparison is based
on a property common in constraints generated for test cases: both constraints should have the format
(V RelOp K), where V is a variable, RelOp is a relational operator, and K is a constant. Also the
variables in both constraints are required to be the same.

[69] uses the impact on executions and also on the return values. The approach examines the
impact of mutations at the coverage level. In particular the approach makes use of observations about
the lines of code executed. The coverage from the original execution is compared with the coverage
of the mutants. Regarding the impact over the return values, the authors established two types of non-
equivalent mutations, which do not affect the coverage level: mutations which affect only the data,
but not the output values of a program, and mutations reflected in the return values.

4.4.2. Constraint Satisfaction Problem

For program conversion into the constraint representation, we make use of previous work, conducted
in the constraint based testing research area [68]. In order to be self-contained we briefly recall the
conversion of sequential programs into their equivalent constraint representation under certain as-
sumptions. For the conversion of programs to their constraint representation we make use of previous
work, conducted in the constraint based testing research area [68, 36, 49, 67]. To get a more detailed
view in constraints and how the conversion into a constraint representation can be used for fault local-
ization, the interested reader can consult [201]. We take again the small program from Figure 4.8 (a)
as an example to demonstrate the conversion.

The first step of the conversion process is to eliminate all loop statements. The idea here is to replace
a while statement with a nested conditional statement of a pre-defined nesting depth nd. Obviously the
value of nd determines whether the original program behaves equivalent to its corresponding loop-
free variant. If we choose a value for nd that is too small for a given test case, then the programs
behave in a different way. On the other hand when choosing a very large value for nd the resulting
loop-free program becomes unnecessarily large. Therefore in practice a trade-off for nd is necessary,
together with means for detecting situations where nd is too small. We ensure this by introducing a
fresh boolean variable loopi for each loop, that is initialized with false and set to true whenever
nesting depth nd is not large enough.
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In the second step the loop-free program is converted to its static single assignment form (SSA)
[20]. In the SSA every variable is defined only once. This can be ensured by mapping each variable
x occurring in a program to a variable x i where i represents an index variable starting from 0. Every
time x is defined, the index i is increased by 1 and added to the variable. If the variable is referenced
after the current index, i is used until a new re-definition of x occurs. Beside adding indices there is one
additional conversion rule for conditional statements. Let us assume the following program fragment:
if (x > 4) { y = 0; } else { y = 1; } . After adding indices to the variable let us assume the
following situation: if (x 0 > 4) { y 1 = 0; } else { y 2 = 1; } . In this case whether to use
y 1 or y 2 after the conditional, when referring to y, is not defined. In order to overcome this problem,
conditional statements are replaced with a Φ function. The purpose of the Φ function is to map the
variables defined in either of the branches of a conditional statement to the same variable but with a
new index that can be referenced after the statement. For our program fragment this additional rule
leads to the following program:

y 1 = 0;

y 2 = 1;

y 3 = Phi((x 0 > 4),y 1,y 2);

Note that we assume a function Phi available in the programming language representing the func-

tion Φ, which is defined as follows: Φ(C,x1,x2) =

{
x1 if C evaluates to true

x2 otherwise

It is also worth noting that after the second step, the program comprises assignment statements
only. Therefore in the final step of conversion we only need to map the assignment statements to
equations (or constraints). This step has to take care of the underlying constraint solver. In our case
we use MINION [64]. Because of space restrictions we do not discuss the mapping to MINION
programs. Instead we use mathematical equations written in italics for representing the arrays, and
we assume a constraint solver that is able to compute a solution for a set of equations. From here
on we also assume that a function convert(Π,nd) implements the conversion taking a program Π and
a maximum nesting depth nd as inputs. Figure 4.8 (b)-(d) depicts the conversion results step-by-
step when applying convert to the multiplication program from Figure 4.8 (a) and using nd = 1 as
maximum nesting depth.
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1. int a, b;

2. int max = a;

3. if (a <= b)

4. max = b;

(a) Original program

1. int a, b;

2. int max = a;

3. if (a < b)

4. max = b;

(b) Mutant Program
1. int a, b;

2. int max = a;

3. if (max <= b)

4. max = b;

(c) Equivalent mutant

Figure 4.8.: Program for computing the maximum of two numbers

4.4.3. Algorithm

We implement an approach that makes use of the constraint representations of a program and its
mutant. The idea is to use the constraints for computing distinguishing test cases, i.e., test cases that
allow for differentiating two program runs using the same input. We also discuss challenges and
give some initial results when applying our approach to smaller programs. The basic idea behind
the equivalent mutant detection algorithm is motivated by the concept of distinguishing test cases
introduced for program debugging in [127]. In this paper the authors describe how distinguishing
test cases can help to further improve fault localization via extending the available test suite. The
equivalent mutant problem can be solved as a byproduct of computing distinguishing tests. If there is
no test case that distinguishes the program from its mutant, then the program and its mutant have to
be equivalent. Otherwise, if such a test case exists, we cannot certify that both the original program
and its mutant have a different behavior.

This is due to the fact that the constraint representation of a program, as introduced in the previous
section, is only behavioral equivalent to the corresponding program, for test cases not exceeding the
number of considered iterations in while statements. This fact is less problematic in pure fault local-
ization where no further test cases are generated, because the number of iterations to be considered for
generating the loop-free program is known in advance. This holds because fault localization requires
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at least one failing test case, which determines the number of iterations assuming that the program
halts.

As a consequence of this observation it is not always possible to determine equivalent mutants when
using distinguishing test cases. However, this is not a surprise because of the undecidability of the
equivalent mutant problem. So what are the consequences? In case a distinguishing test case can be
computed, we have to check whether this test case is a feasible test case or not. Feasible means that
the program and its mutant are able to execute the input of the test case and return the expected output,
which can be derived from the solution of the corresponding constraint representation. A non-feasible
distinguishing test case is a test case that, when executed on the original program and its corresponding
mutant, it does not return the expected output (the one computed by the constraint representation). If
the obtained distinguishing test case is feasible, the programs are not equivalent. Otherwise, we have
to search for a different distinguishing test case. We can do this by adding the information that the
previously computed input is not allowed to be computed anymore. Moreover, there is a second
problem due to the number of iterations considered during conversion. If the constraint solver returns
no solution, this might be due to the chosen nesting depth. Therefore, we have to increase the nesting
depth and start searching again. Of course this cannot be done forever. Therefore in practice we limit
the nesting depth to a pre-defined maximum value.

The following algorithm implements the underlying basic idea of checking whether a mutant is
equivalent to its corresponding program or not.

Algorithm equalMutantDetection(Π,M,nd, ndmax)
Input: A program Π, its mutant M, the initial nesting depth nd, and the maximum nesting depth ndmax.
Output: true if Π is equivalent to M and false, otherwise.

1. Convert the program into its constraint representation: CONΠ = convert(Π,nd)

2. Let M′ be a program obtained from M by adding the postfix M to all variables.

3. Convert the mutant into a set of constraints:CONM = convert(M′,nd)

4. Let CON be CONΠ∪CONM.

5. For all input variables x of Π, add the constraint x = x M to CON.

6. Let y1, . . . , yk be the k output variables of Π. Add the constraint y1 6= y1 M∨ . . .∨yk 6= yk M to
CON.
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7. Call a constraint solver on CON and let SOL be the set of solutions, e.g., mappings of variables
to values that satisfy all constraints in CON.

8. If there exists no solution SOL, i.e., SOL = /0, then Π and M are potentially equivalent. In this
case do the following:

a) If nd ≥ ndmax, terminate the algorithm and return true.

b) Otherwise, increase nd by 1 and go to 1.

9. Otherwise, there exists a (non-empty) solution SOL. If there is no variable loop j with an as-
signed value of true in SOL, then return false. Otherwise, add the information that the inputs
computed in SOL are not valid to CON and go to 7.

In the equalMutantDetection algorithm lines 1–6 are for constructing the constraint system. In
Line 5 constraints are added in order to force the input variables of the program and its mutant to be
the same. Line 6 is for stating that a distinguishing test case triggers at least one output variable to hold
a different value after execution. Note also that the mutant variables are changed before conversion.
Line 7 calls the constraint solver. In Line 8 it is handled the case where no distinguishing test case can
be found. This either leads to the result that the mutants are equivalent or to an increase of the consid-
ered nesting depth and a re-computation. Line 9 is for handling the case where a distinguishing test
case is found. There feasibility is checked via testing whether the number of iterations for computing
a solution has been exceeded. If the computed test case is not feasible, search starts again using the
information already gathered.

Note that the algorithm always terminates because of the introduced ndmax variable. However, it
can be the case that the algorithm returns true but there is a distinguishing test case requiring the
programs to be executed for a longer time. However, if the algorithm returns false, the program
and its mutant are definitely different with respect to their semantics. This restriction comes from the
undecidability of the underlying equivalent mutant problem.

4.4.4. EqMutDetect Tool

In order to verify the practicability of our approach, but also to automate it, we have implemented
the equalMutantDetection algorithm. We use a predefined value for the nesting depth, leaving the
implementation step 8 b, for a new release of our tool.
EqMutDetect is a mutation based test case generation tool, entirely developed in Java programming
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language. One important feature of the tool is the detection and deletion of equivalent mutants. The
tool itself comprises three main parts: (1) Mutants generation from a given program, (2) Equivalent
mutants detection and reduction and (3) Test case generation. For mutant generation and execution
we rely on an enhanced version of MuJava [205, 134]. Further integration with other mutation testing
tool is work in progress, i.e., Jumble [79] and Javalanche [166]. We aim to offer a reliable mutation
test case generation tool that handles the equivalent mutant problem as good as possible. We also
modified MuJava in order to be JDK 1.5 compliant (see [134]).

The currently used mutation tool produces method level and class level mutations. However, in our
research experiments, we excluded object oriented programs and generate only method level muta-
tions, i.e., we make use of the method-level operators defined for MuJava, and mutate statements by
replacing, deleting and inserting primitive operators, e.g., arithmetic operator, relational operator, etc.
However, we do have some limitations, with respect to the mutations we derive:

• Constant values are not mutated;

• Deletion of statements is not possible; mutants cannot be obtained through statement insertion
or deletion;

• We perform only First Order Mutation (this limitation is easy to overcome),i.e., each mutant
contains only one change when compared with the original program ;

• Regarding the running of test cases, each JUnit test file must have the nullary constructor.

For equivalence detection and mutation based test case generation we have chosen to work with
(and integrate) MINION [64] constraint solver. MINION is an open source constraint solver. The
syntax of MINION needs some knowledge when writing the constraints. In most of the situations,
the complex constraints must be split into two or three more simpler constraints. Unlike other con-
straint solver toolkits, MINION does not have to perform an intermediate transformation of the input
constraint system. MINION receives as input a file describing an instance of a constraint satisfaction
problem, and then tries to solves it. Therefore the original Java program must be transformed to its
corresponding CSP representation. In order to obtain this CSP representation, we have to:

1. Eliminate the loops from the original program. We do this unrolling them with a bounded
number of nested if statements.

2. Convert the unrolled program to its equivalent static single assignment form (SSA representa-
tion), i.e., the SSA representation is an intermediate representation which says that each variable
is assigned exactly once in a program.
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3. Convert the obtained SSA representation into the corresponding constraint representation sys-
tem.

Nevertheless, we are prone to some limitation in what concerns the MINION constraint solver. We
are not able to offer support for object-oriented constructs, therefore we use only traditional mutation
operators in our case studies. Moreover, it is worth noting that the approach itself has some limitations.
In the first step of the conversion to constraints, we remove all loop statements. The nesting depth
is predefined and hence, there might be spurious solutions, i.e., solutions that cannot be executed by
the program or the mutant. This might happen because of the fact that there are not enough iterations
considered during conversion. This problem can be solved in a bounded fashion by checking for
spurious solutions. Checking is performed by executing the test case using program P and a mutant
Mi. If execution is possible and the results are equivalent to the results obtained from the constraint
solver, the test case is a valid test case. Otherwise, the number of iterations has to be increased and a
new conversion has to be established for obtaining the corresponding constraint representations.

EqMutDetect can be called on an entire set of mutants in order to remove all equivalent mutants.
In this case the tool returns a new set of mutants where the equivalent mutants are removed. However,
when using EqMutDetect the user also has the option to work in a step by step manner, selecting a
file and a mutant from the list of corresponding mutants. In the following we use the latter option to
run our tool demonstration.

Case study

Figure 4.9 shows the window of EqMutDetect where the user has a look at the source code of the
original program and the selected mutant. We apply the conversion of both programs to the MINION
input file format. As a result we obtain a constraint system. The part corresponding to the mutants
equivalence condition will look as presented below:

• **VARIABLES**
DISCRETE GcdATC resultGcdATC1 0 -250..6000
DISCRETE GcdATC newAGcdATC3 0 -250..6000
DISCRETE GcdATC newBGcdATC5 0 -250..6000
..................................
#Mutant
DISCRETE GcdATC ROR 2 resultGcdATC1 0 -250..6000
DISCRETE GcdATC ROR 2 newAGcdATC3 0 -250..6000
..................................
**CONSTRAINTS**
eq(GcdATC aGcdATC7 0,GcdATC ROR 2 aGcdATC7 0)
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Figure 4.9.: Original Program and Its ROR Mutant

eq(GcdATC bGcdATC9 0,GcdATC ROR 2 bGcdATC9 0)
diseq(GcdATC resultGcdATC1 10,GcdATC ROR 2 resultGcdATC1 10)

watched-or(element(GcdATC ab,0,1),
eq(GcdATC resultGcdATC1 0,0))
watched-or(element(GcdATC ab,1,1),
eq(GcdATC newAGcdATC3 1,GcdATC aGcdATC7 0))
watched-or(element(GcdATC ab,2,1),
eq(GcdATC newBGcdATC5 1,GcdATC bGcdATC9 0))
.........................................................
watched-or(eq(GcdATC cond 1,1),
eq(GcdATC newBGcdATC5 8,GcdATC newBGcdATC5 1))
watched-or(element(GcdATC ROR 2 ab,0,1),
eq(GcdATC ROR 2 resultGcdATC1 0,0))
watched-or(element(GcdATC ROR 2 ab,1,1),
eq(GcdATC ROR 2 newAGcdATC3 1,GcdATC ROR 2 aGcdATC7 0))
........................................................................
watched-or(eq(GcdATC ROR 2 cond 1,0),
eq(GcdATC ROR 2 newBGcdATC5 8,GcdATC ROR 2 newBGcdATC5 7))
watched-or(eq(GcdATC ROR 2 cond 1,1),
eq(GcdATC ROR 2 newBGcdATC5 8,GcdATC ROR 2 newBGcdATC5 1))
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.......................................................................

Figure 4.10.: CSPMi of the Original Program and Its Mutant

In Figure 4.10 we present a snapshot of the system, corresponding to the mutants equivalence
condition. We highlight the constraints that we added to the system in order to detect the equivalent
mutant. When calling the MINION solver we return that there is no solution. Hence, we conclude that
the mutant and the original program are distinct. Therefore, no equivalent mutant is found. Figure 4.11
presents the result obtained from the MINION solver. What we observe is that the constraint solver
is not able to find a solution. From this observation we conclude that the mutant and the original
program are distinct and no equivalent mutant is found.

4.4.5. Experimental Results

Using the implemented tool EqMutDetect we conducted first experiments. For this purpose we
applied EqMutDetect on some smaller programs varying from 13 to more than 380 lines of code.
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Figure 4.11.: CSP Solution

The used programs include the TCAS files [158], and programs that implement operations on arrays,
and mathematical operations. The TCAS files were converted to Java syntax, in order to produce
mutations with MuJava. In our experiments the nesting depth for representing loops vary from 2 to
5. For constraint solving we have established a 5 minutes time bound. We executed EqMutDetect
using the maximum and minimum nesting depth, and observed no difference regarding the obtained
solutions. Therefore, we conclude that for the current experiments a small number of iterations is
adequate.

In Table 4.9 we summarize the obtained results. LOC denotes the lines of code, NoMut represents
the total number of computed mutants, and DetEqMut is the number of equivalent mutants detected
using EqMutDetect. We observe from Table 4.9 that in some cases no equivalent mutants were gener-
ated, i.e., the constraint solver was always able to find a distinguishing test case. We also encountered
the situation where the constraint solver tried to find a solution within the predefined time limit, but it
did not manage. In this case we terminated search.

Regarding the quantitative results of our experiments, there are some interesting findings. About
40% of the mutants generated for the tcas files were found equivalent when using our approach.
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Class LOC NoMut DetEqMut

tcas01 125 231 137
tcas02 125 231 139
tcas03 125 231 149
tcas04 125 231 142
tcas05 125 218 149
tcas06 125 236 153
tcas07 125 231 149
tcas08 125 231 149
tcas09 125 231 152
tcas10 125 241 156
tcas11 125 241 149
tcas12 125 231 149
tcas13 125 231 149
tcas14 125 231 147
tcas15 125 218 113
tcas16 125 231 147
tcas17 125 231 139
tcas18 125 231 139
tcas19 125 231 148
tcas20 125 231 149
tcas21 125 241 152
tcas22 125 234 144
tcas23 125 241 139
tcas24 125 234 137
tcas25 125 - -

. . . . . . . . . . . .
tcas41 125 229 119

AVG 125 226 137

Class LOC NoMut DetEqMut

C432Order 382 2038 1341
ArrayOperations 101 496 11

BubbleSort 18 62 9
CalculateRectArea 14 18 2

CalculateRectPerimeter 13 21 4
CoffeeMachine 43 91 0

FindEvenOrOddNumber 15 34 3
FindLargestSmallestNumber 19 41 13

GcdATC 35 95 29
NumberFactorial 19 38 12

Table 4.9.: EqMut Detection Results
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This happens because we only take into account mutations, which are reachable and have an impact
on the return values. Also concerning the tcas files, we found situations when we could not apply
our approach, because the mutation engine failed to generate mutants, e.g., for tcas25. It is also
interesting to note that for the largest program C432Order the constraint solver was able to provide
solutions within the 5 minutes bound.

4.5. Conclusions And Open Issues

Reducing the number of equivalent mutants plays a significant role in determining the efficiency of
test suites. The mutation score can be significantly improved when removing all equivalent mutants.
In the presented approach we combine constraint representations of programs with mutation testing.
In particular we are searching for a distinguishing test case in order to differentiate the program from
its mutant. Because of the fact that the underlying problem is undecidable, the approach does not
guarantee to find a solution. The influence of certain parameters like the given nesting depth is left
for future research. As a byproduct the approach allows for adding new test cases to the test suite.
Computed distinguishing test cases can be used to increase the mutation score.

In our current experiments we consider smaller programs. Therefore, the efficiency and scalability
of the approach can be disputed. Hence, future research will include improving the experimental bases
and using more and larger programs. Moreover, we also want to extend the tool in order to handle
object-oriented programs.

We introduced the tool EqMutDetect and the experimental results to demonstrate the feasibility of
the approach. Eliminating equivalent mutants is necessary in order to improve mutation testing and
derive an accurate mutation score. The proposed tool is based on constraint solving and a constraint
representation of the program and its mutations. The tool derives new test information, resulting thus
an improved test suite. It allows for computing a distinguishing test case that would kill a mutant.
In case there is no such test case, the tool identified an equivalent mutant. The distinguishing test
cases can be added to the test suite in order to improve its mutation score. The currently implemented
EqMutDetect can be effectively used for measuring the quality of test suites in software systems,
where programs are smaller and usually comprise basic data types like integers or booleans and control
structures like loops and conditionals.
Another feature of our tool is that we have integrated an option to derive the diagnosis approach
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described in Section 4.3. That research work was conducted in collaboration with [201, 127]. Thus,
we make use of the benefits from debugging in testing.
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Chapter 5
Mutation Testing from An End User
Perspective

”Anyone who has never made a mistake has never tried anything new.” - Albert Einstein

One of the most encountered programming paradigms nowadays is end user programming (EUP).
Common EUP applications are spreadsheets, modelers, database users, etc. In EUP, end users derive
applications to achieve theirs needs, but, usually, they do not have solid notions of software program-
ming techniques, e.g., accounts, teachers, health care personnel, architects, health care users (these
write formal specification to generate medical reports), etc. End user testing (EUT) differs from nor-
mal software testing, as end users are usually people trained in other areas but software development.
Therefore detecting misbehavior is important, as severe damages might appear, e.g., a cut and paste
mistake in an excel spreadsheet made one important power generator company, TransAlta, to buy
power transmission in excess; this caused higher contract costs than normally [41]. Another impor-
tant aspect in end user testing is that users will be more confident when considering the correctness of
their application. The growing in EUT has lead also to a growing in end user testing and debugging,
resulting thus several strategies. The current chapter represents an extension to our research in muta-
tion based test case generation and it gives us a future research direction towards the area of mutation
testing. It presents a novel approach, which is currently under a peer-review process. Therefore, this
early stage work offers plenty of room for further research, development and improvement.
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In what follows we will present a short overview on the current available end user testing strategies,
describing some of the the most commonly used techniques in end user testing. Then we will describe
the first preliminary algorithms and the future steps to take in our research.

5.1. End User Testing Methods

Spreadsheets represent one of the most known end user applications [165]. They are files, which based
on input values, compute outputs, by means of formulas, in accordance with certain user requirements.
For example, consider a teacher who has to compute the grades for a group of students, based on
given scores and rules for computing, i.e., formulas. The authors in [91] propose a classification for
the end user testing methods, according to the different modalities through which end users test: by
means of oracles, software testing, specifications checking, consistency checking or visualizations.
One simple method used for verifying the output values of a program is based on an oracle, which
is able to determine whether the output is correct or not. The oracles can be represented by people,
specifications, well documented definitions, etc. In End User Engineering, the end users act as the
oracle. In [99], it was proven that people are imperfect oracles, as professional programmers tend to
be overconfident, while end users tend to exceed the overconfidence peak [148]. Therefore, a solution
for end user programmers, to reveal errors, is through software testing. Systematic testing, by means
of a well designed testing plan, is not suitable for the end user programmers, who must test in an
incremental manner. Therefore end user testing approaches must take into account this aspect. The
authors in [160] propose a form based testing strategy for visual programs. These programs can be
used by a wide range of people, from software engineers to end users; e.g., the electronic spread sheets
system is an example of such a program. Users of this type of programs create cells, manipulate
cell information, create formulas, etc. Spreadsheets are among the most widely used applications.
Therefore, assessing their reliability is important. The authors prove that testing these systems is
different from testing imperative programs. According to the authors, due to their cell dependency
property, the testing strategies are based on an adequacy criteria. They define a testing criteria for the
formulas and then for the cell dependency. Studies demonstrate that these types of systems are prone to
faults involving incorrect formulas, incorrect or missing references. Syntax error faults or references
to non existing cells can be detected when the programs are created. The testing strategies for the end
user programs are based on code testing, where the oracle is actually the end user. The authors define
the end user program as a function that maps the vector of input cells to the vector of output cells,
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over a domain D. Testing these programs assumes initializing the input cells and afterwards executing
them. In a spreadsheet system, when a cell is changed, the system automatically updates every input
and results are automatically computed. The authors define this as the responsiveness characteristic of
a form based visual program. Therefore, this leads to an incremental testing strategy: incrementally
altering the values from the input cells, and then validate the values of the corresponding output
cells. As control flow depicts the code based test adequacy criteria, in visual form based programs
this assumes deriving a cell evaluation order criteria, independent from the engine, i.e., end users
have no programming knowledge. In order to derive testing adequacy criteria the users make some
assumptions. They use input cells, i.e., input vector of the program, and non input cells, cells that
can require validation. According to their assumptions, input cells do not reference other cells, cell
references are static, recursion is not allowed and formulas cannot constitute a testing input. An
abstract model of such a system includes the form based visual program P with a cell relation graph
CRG, i.e., control flow of the formulas and cell dependencies from P. A cell is modeled as a formula
directed graph, where a node is an expression from a cell, and an edge is the control flow between
expressions. For two cells A and B, we say that B is cell-dependent with A, if the formulas from B
reference A. In CRG, cell dependencies are edges between the formulas graphs. As exhaustive testing
cannot be derived, the authors define three testing adequacy criteria, to establish when enough testing
has been conducted:

1. Node and edge adequacy criteria assume execution of each node and edge from the graph. A
test t for node N from formula graph G must trigger the execution of the formula corresponding
to G and the path to that formula must include N. If for each formula graph of P and each
executable node N in the graph, there is at least one test that triggers N, then this is a node
adequate test suite T. If for each formula graph of P and each executable edge between two
nodes in the graph G, there is at least one test that triggers the two nodes, then we have an edge
adequate test suite T.

2. Cell dependence adequacy criteria. From the first criterion, we observe that when nodes and
cells are executed, then also interactions between the cells are triggered. Therefore a second
criterion involves testing all the interactions between cells. Let us assume two cells, C1 and
C2, belonging to P and each having a formula graph, CG1 and CG2. If cell C2 depends on
C1, then a test t will derive the cell dependence edge between CG1 and CG2 if t determines
the evaluation of CG2, and the evaluation goes through path CG2 which contains a node whose
expression references C1. If at least one such test exists then there exists a cell dependence
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adequate test suite.

3. Data flow adequacy criteria considers the coverage of all the cell dependencies inside the graph
CRG and the effect of the control dependencies which appear between expressions. For a cell
C, F represents the formula of C. An expression in F that sets the value of C is a definition of C.
An expression in F that refers another cell C1, is a use of C1. The authors define:

• The predicate use, p-use, which directly alters the output of a predicate expression;

• The computation use, c-use, which does not directly alters the output of a predicate ex-
pression, but appears in the predicate expression.

The authors then determine definitions-use associations (du-associations), i.e., definition -c-use asso-
ciation and definition -p-use association, which will reflect the use cases that those definitions of cells
will reach, i.e., try to execute every data dependency that could be executed. Such an association maps
each expression from a cell formula, which defines the value of the cell, to the expressions from other
cell formulas that use the defined cell. The criterion requires that each executable du-association will
be triggered by the test data so that the du-association will directly or indirectly affect the monitor of
a value that is assumed to be valid by the program. These three adequacy end user testing criteria are
later implemented in a prototype tool [159]. The methodology is called WYSIWYT (What You See Is
What You Test). This is a white box spreadsheet testing technique, where the end user can incremen-
tally and systematically validate and test the spreadsheet. The tool implementing the data dependency
adequacy criteria uses some decisions boxes that the end user must validate. The decision box will
be automatically checked when the value of a cell is validated against the given inputs. Beside data
dependency, the tool also displays a percentage of the testing advancement. In a later paper, [161],
the authors empirically evaluate the WYSIWYT prototype, using computer science students as the
end users, which have no knowledge on the environment. They divided the users in a group using the
WYSIWYT methodology and a group using an ad-hoc strategy. The authors analyze the results from
the effectiveness, efficiency and overconfidence point of view. The group using the WYSIWYT strat-
egy was more effective and efficient than the second group, but less overconfident. In Figure 5.1, we
present an example, extracted from [25]. The spreadsheet is used for computing the average grade of
a student, for a given course. According to the authors, a complete tested cell will be painted in blue;
red is used for designing an untested cell, and another color, different than red or blue, for partially
tested cells. The check marks depict a validated value against the given input values. Also, in the right
upper corner of the figure, there is a progress bar which depicts how much has been tested.
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Figure 5.1.: Spreadsheet for average grade computation, taken from [25]

In [62], the authors, based on the WYSIWYT methodology, derive an automatic test generation
process for spreadsheets. The user has the possibility to select a certain combination of cells and then
make use of the Help Me Test utility, in order to generate test scenarios. First, the tool determines the
set of all valid du-associations, corresponding to the user request. Then it computes the set of input
cells and based on all these, it tries to generate a test case, exploring those paths from the data flow
that were not yet taken into consideration. After finding the test case, the tool will do a validation
on the output cells. In case a spreadsheet modification appears, the already existing test cases can be
reused, i.e., regression testing [76]. The strategy uses a specific data structure to keep the information,
involving:

1. Cell information (name, value, trace of the recent cell execution);

2. Test case information (input cell, validated cell from a test, reached cell through the test, vali-
dated du-associations);

3. Spreadsheet information (table of validation counts, given by the du-associations, the set of
impacted tests that can be reused).

When a cell validation is done, the tool goes back through the CRG graph of the given spreadsheet,
updates and saves the information according to the data structure presented above. The type of changes
can affect input values, intermediate and output ones, and are represented by cell deletion or insertion,
formula change. When a change appears, the impacted test cases are saved and re-run. All the
described end user testing strategies are based on what you see is what you test concept. A recent
report on the state of the art on End User Programming,[91], states that both testing and debugging
are based on the WYSIWYT, which currently represents the most reliable error detection method in
End User Programming.
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Another technique used for verifying end user programs is based on data validation. The authors in
[164] propose a new tool for data validation, inside spreadsheets and web forms. Through the imple-
mented set of tools, the users have the possibility to distinguish between valid data, invalid data and
data that could be either valid or invalid. Another possibility is to check the output values against a set
of well defined specifications. One type of specifications can be represented by the assertions testing
strategy described earlier. Another approach relies on storing the end user data sessions in order to
later use this information in the testing process [55]. Nevertheless, the WYSIWYT is the most mature
end user testing strategy and later research works use this strategy as basis for testing and debugging,
e.g., [21, 96], combined with machine learning [95]. Another approach in end user testing is based
on metamorphic testing, i.e., MT, which was first introduced by the authors in [29]. According to
[29], ”MT generates follow-up test cases, making reference to metamorphic relations (MR)”, i.e., ”re-
lations among multiple executions of the target program”, and in the end the test results are verified
against the metamorphic relations. As metamorphic relations are used, the oracle problem is no longer
taken into consideration. In [29, 30], the authors demonstrate that MT is effective in fault detection.
In [102], the authors make use also of the MT technique for testing end user programs. They con-
clude that metamorphic testing is efficient for EUP, as no software testing knowledge is required, but
only the knowledge of the user. According to this, the end user must determine the properties of the
system, in conformance with the end user domain specifications. Later, using the determined proper-
ties, the MR relations are constructed between the inputs and outputs, obtaining thus follow up test
cases. Afterwards, the test results will be checked against the metamorphic relations. In metamorphic
testing, there is always needed an extra traditional software testing method, e.g., random testing, in
order to compare the metamorphic testing results with the traditional testing outputs. If they broke the
metamorphic relations, the authors state that an error is discovered. Along their research paper, the
authors teach and experiment this technique to a class of undergraduates and postgraduates students,
during three years. They conclude that this is a reliable testing technique for EUT, simple to use,
i.e., students understood easily the concept of MT, were able to identify the metamorphic relations
without difficulties, different faults were detected by different groups of students, an automation of
MT was simple, without a tool support. Another testing alternative is to consider mutation testing.
In [1], the authors propose a set of mutation operators for spreadsheets, apply mutation testing over
different spreadsheet applications and do an empirical evaluation concerning the fault detection ca-
pability towards mutation. Generally, mutation testing is used to compute the effectiveness of a test
suite. For this situation the the mutation score metric is defined as the percentage of the spreadsheet
mutations detected by the test suite. Mutations represent variants of the initial spreadsheet, obtained

110



5.1. End User Testing Methods

when applying different mutation operators, e.g., arithmetic operators, relational operators, etc, in a
spreadsheet cell.

But the End User Engineering is not limited only to the spreadsheet domain. Many of the end user
applications reside on the Internet. Consequently, testing was a concern also for this domain; therefore
different web testing tools were designed. We enumerate some of the most known:

• Selenium: It is a collection of tools which offer support for many platforms, e.g., Java, Javascript,
Ruby, PHP, Python, Perl and C#. Selenium was designed as a Firefox plugin, having a friendly
user interface, which eases the development of automated tests. It records user actions and then
exports them as a reusable script. An interesting feature is that tests can be run in parallel [174].

• TOSCA Testsuite: A commercial tool for automated web based testing tool, which implements
different testing strategies; i.e., GUI and non GUI testing, load testing, regression testing, data
warehouse testing, etc. It computes test efficiency using test coverage information (resulted
from test execution) [175].

• Woodstein: Software agent, which works both on a computer and a web browser. The tool
records actions performed by a user on a web page, then tries to come up with different possible
answers, e.g., why does this happen?, Why did that happened?, How did that data get that
values?, i.e., it computes diagnosis information for the end user [187, 188, 101, 186].

• IBM Rational Functional Tester: Commercial automated functional web testing tool, which
performs regression testing. The tool is able to simulate a human end user, by imitating human
actions, assessments. It is an easy to use tool, both for professional developers, but also for
non professionals, e.g., end users. The tool has also integrated advance debugging feature and
SAP(Systems, Applications and Products in Data Processing) automation test support [77].

• Telerik Test Studio: Performs different types of testing, e.g., functional testing, load testing,
mobile application testing, exploratory testing. It supports ASP.NET, JavaScript, HTML, AJAX
and also integration with Microsoft Visual Studio 2008 and 2010, NUnit, XUnit, MbUnit unit
test cases. If runs by recording actions from a Web page (only for Internet Explorer) [173].

Testing can be done at every level of the software development life cycle. Important for the end
users might be the GUI testing and the requirements/specifications testing (test that the end user
application/script does what it is supposed to do). That means the testing process can be conducted
from unit testing, integration testing, system testing, acceptance testing and up to user acceptance
testing (the user acceptance testing is more closely to our approach).
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5.2. End User Mutation Testing

End users have different views on the outputs an application should compute, but, nevertheless they
might help in discovering faults. If we consider the end user testing process, we state that it can
actually be derived from the standard testing process:

• Create unit tests and, for each new functionality, run the unit tests;

• Perform code inspection;

• Based on specifications, perform functional testing;

• If functionality testing is fulfilled, then actual end users can test the application.

End user feedback is extremely important, as they are responsible for deciding whether the application
covers its requirements. Therefore a thorough discussion with the EU must exist, in what concerns
the technical experience. The end user must be familiar with the tool/application, e.g., organize tool
trainings. From the end user point of view, the application is like a black box, therefore documentation
is important for the end user, i.e., create check lists, maybe possible/detected defects, in order to draw
the attention where critical parts may appear.

We will make use of the definitions presented in Chapter 2.1, and, consequently, extend them to
the end user engineering domain, in particular to the spreadsheet domain. For this research direction,
we define a program P as being represented by a spreadsheet, which must contain a set of non empty
cells. Each cell can be defined by an expression, i.e., a formula, or it can be referenced by another
cell. We can model a spreadsheet as a direct acyclic dependency graph, with vertices and edges.
Directed acyclic graphs are a good solution for expressing the dependencies between the cells of a
spreadsheet. An edge will be represented by a path between cells, i.e., vertices of the graph. If a
cell expression makes use of another cell, then we say that we have an edge, i.e., we say that cell A
and B are dependent if and only if there is a path from cell A to B. Therefore, the inputs are those
vertices with no incoming edges and the outputs are defined as the vertices with no outgoing edges.
In Figure 5.2 we present a spreadsheet, which computes a feet to meter conversion. The associated
directed acyclic graph is depicted in Figure 5.3.

A test case is defined as a pair (cells, expectVals), where cells is the set of input cell values and
expectVals represents the expected value for the output cell(s). A passing test case is a test for which
the computed output cell values are the same with the expected ones. The definition of the failing test
case, presented in section 2.1, will remain unchanged, i.e., a failing test case is a test case for which
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Figure 5.2.: Spreadsheet for feet to meter conver-
sion
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Figure 5.3.: Graph representation of spreadsheet
from 5.2

the output environment, i.e., output cells, computed from the program P, i.e., the given spreadsheet,
executed over input I, i.e., input cells, is not consistent with the expected output.

The authors in [1] have introduced the set of mutation operators, described in Table 5.1, in order
to apply and run end user mutation based testing.

5.2.1. Algorithms And Experimental Results

In order to demonstrate the applicability of our approach to the end user engineering domain, we will
make use of the algorithms described previously, in chapter 4, section 4.3. Also, in what concerns
the research towards debugging, we will make use of the work conducted in [2]. Similar to our
initial approach, we choose to work, through our experiments, with the MINION constraint solver.
The difference between the research from chapter 4 and the current chapter, consists in the fact that
we run the research on spreadsheets, therefore the input and output algorithm parameters must be
correspondingly adapted. Thus:

• Algorithm Filter TestCase (DiagCells,SP i,TC)

Inputs: The set of diagnosis cell candidates DiagCells, the faulty spreadsheet SP i, and the
failing test case TC.
Outputs: A set of mutated spreadsheets MutSP i for the faulty spreadsheet SP i.

1. Let MutSP i be the empty set.
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Operator Description
ABS ABSolute Value Insertion
AOR Arithmetic Operator Replacement
CRP Constants RePlacement
CRR Constants for Reference RePlacement
LCR Logical Connector Replacement
ROR Relational Operator Replacement
RCR Reference for Constant Replacement
FDL Formula DeLetion
FRC Formula Replacement with Constant
RFR ReFerence Replacement
UOI Unary Operator Insertion
CRS Contiguous Range Shrinking
NRS Non-Contiguous Range Shrinking
CRS Contiguous Range Expansion
CRE Contiguous Range Expansion
NRE Non-Contiguous Range Expansion
RRR Range Reference Replacement
RRR Formula Function Replacement

Table 5.1.: Spreadsheet Mutation Operators

2. For all cells cell ∈ DiagCells do:

a) Generate all mutants of spreadsheet SP i with respect to the faulty cells stored in cell
and then save them in NewSPMut .

b) Add to MutSP i every mutated spreadsheet SP i′ ∈ NewSPMut , which passes the test
case TC.

3. Return MutSP i.

The last step of our algorithm comprises the integration of distinguishing test cases to further
reduce the bug candidate set. Let MutSP i be the set of mutants for the spreadsheet SP i obtained
after applying the Filter TestCase algorithm. And let CONMutSP i be the constraint representa-
tion of the programs from MutSP i. Then, the test case generation algorithm is:

• Algorithm TestCase Generator MutSP i,CONMutSP i

Inputs: A set of valid cells repair options, MutSP i, for a faulty spreadsheet SP i and their
constraint representation CONMutSP i .
Outputs: Subset of MutSP i.

1. Let Tested be empty.
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2. If there exists mutants SP i′,SP i′′ ∈MutSP i with (SP i′,SP i′′) /∈Tested, add (SP i′,SP i′′)
to Tested , then proceed with the algorithm. Otherwise, return MutSP i

3. Let CONSP i′ and CONSP i′′ ∈CONMutSP i be the constraint representation of programs SP i′

and SP i′′ respectively.

4. Let CONTC be the constraints encoding InputSP i′ = InputSP i′′ = I∧Out putSP i′ 6=Out putSP i′′

5. Solve the CSP: CONSP i′ ∪CONSP i′′ ∪CONTC using a constraint solver.

6. Let O be the correct output for the original program SP i on input I

7. If Out putSP i′ 6= O, then delete SP i′ from MutSP i.

8. If Out putSP i′′ 6= O, then delete SP i′′ from MutSP i.

9. If no solution, go to 1

10. For all SP i′ ∈MutSP i do:

a) If SP i′ fails on generated test case (I,O) delete SP i′ from MutSP i.

11. Return MutSP i.

We have manually produced small mutations and then applied the initial algorithms on very simple
spreadsheets, i.e., spreadsheets whose cells contained only constants, basic formula operations, e.g.,
addition, subtraction, multiplication, etc. Due to time constraints, this aspect of our research was not
roughly tested, nor implemented.

5.3. Conclusion

The area of End User Engineering becomes more and more widespread, therefore deriving an efficient
testing tool for non professional developers, as seldom end users are, is an essential aspect in software
engineering. As mutation testing has proved his efficiency in revealing errors, but also in specific
fault based test case generation, we state that it can, indeed, represent a strong option, being aware,
nevertheless, of the known limitations.

Towards end user based mutation testing, a future work and challenging, in the same time, is the
development of a tool implementing constraint based mutation testing generation. This will have a
useful and practical direction, in what concerns, at least, the spreadsheet end users.
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Chapter 6
Conclusions

”It is good to have an end to journey toward;
but it is the journey that matters, in the end.”

- Ernest Hemingway

Since its beginnings, mutation testing has been an intensively researched topic, and even nowadays
there is an important research conducted towards this direction. Its applicability domain is contin-
uously growing. From traditional software programming to end user development, mutation testing
can be successfully utilized to assess a test suite adequacy.

Through our research, we have contributed towards proving why mutation testing can be a good
measure to verify a test suite effectiveness, not only in the research domain, but also when applied
in industry. Nevertheless, limitations do exist and if they are properly taken into consideration, then
mutation testing can be successfully configured. One of the most known encountered problems in
mutation testing is the equivalent mutants problem. We have proposed a viable solution for equivalent
mutants detection and elimination, by means of the constraint programming paradigm and the distin-
guishing test cases concept. The results we obtained, when applying our algorithms in a traditional
software development environment, encouraged us to go beyond traditional programming and extend
our research towards end user software engineering. End user software engineering is one of the most
widely used programming technique, as both professional and non-professional software developers,
i.e., end users , can benefit of it.
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We have introduced the EqMutDetect tool, for equivalent mutants detection and reduction. The
proposed tool runs based on constraint solving and a constraint representation of the program and
its mutations. It computes a distinguishing test case that is able to kill a mutant. When no such test
case is identified, we say that the tool detected an equivalent mutant. The identified distinguishing
test cases can then be added to the test suite in order to improve its mutation score. Thus, our tool
contributes to one significant problem in mutation testing and, also, it derives a new and improved test
suite, helping in test case generation. The results we have obtained demonstrate the feasibility of the
approach. We can resume, based on the derived research experiments, that our approach is useful, but
more important, that we have gained important feedback and the experience we have accumulated can
further on be used in our future research. Nevertheless, we are aware that its scalability remains an
open topic. Our goal was to elaborate a reliable strategy and also implement a tool, so that we could
make use of the advantages given by mutation testing, into a real size software application.

Regarding my personal idea on how future research might look like, two challenging directions
come into discussion. The first of them, and the one that justifies all the effort I have invested in the last
years, is the applicability of mutation testing in a real industry setting. Having some background also
as a software test engineer, I find a useful applicability of mutation testing in the automotive industry.
Deriving a secure and stable test design procedure is crucial for this industry domain. Hardware
fault injection techniques have been successfully used in industry, why not apply this fault injection
technique (mutation testing), towards software testing of critical systems? Embedded systems are
critical systems in need for solid testing.

Our goal is to depict a reliable automated testing process. By this, I think of an efficient, mutation
orientated, test suite. Why the embedded system area? Simple: whether we want it or not, everyone
of us has become addicted to this area; from the daily underground railway system which, for some
of us, is the fastest way of locomotion, towards personal automobiles and, even more, towards the
avionics industry, we all use them as a natural think in our existence, without wondering so often: ”is
there a problem?. They must be functioning good. ”

That is why I strongly believe that with lots of effort and, nevertheless, motivation invested towards
our approach, we could be able to certify that mutation testing can be scalable for real-world software
projects. We have the basis, we have a good background, we have proven the practicability of our
algorithms, we even have access to specific fault taxonomies for these type of systems, so designing
the failures these systems should stand up, becomes a matter of software programming.

There is a second future research direction, in the area of End User Testing. This is a novel domain,
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which is gaining more and more interest. It would be challenging for the not-experienced end user
programmer, to check his application against certain types of common known human errors. Think
only of a monthly work report: what happens if one month you receive no salary at all, due to an
overseen formula error? Considering these two directions, we believe that mutation based test case
generation is of valuable interest and help.

119



120



Bibliography

[1] ABRAHAM, R. AND ERWIG, M. 2009. Mutation operators for spreadsheets. IEEE Transactions
On Software Engineering Journal 35, 94–108. (Cited on pages 110 and 113.)

[2] ABREU, R., RIBOIRA, A., AND WOTAWA, F. 2012. Constraint-based debugging of spreadsheets.
In CIbSE. 1–14. (Cited on page 113.)

[3] ABREU, R., ZOETEWEIJ, P., AND VAN GEMUND, A. J. 2006. On the accuracy of spectrum-
based fault localization. In Proceedings TAIC PART’07. IEEE, 89–98. (Cited on pages 69, 71,
and 72.)

[4] ABREU, R., ZOETEWEIJ, P., AND VAN GEMUND, A. J. 2009. Spectrum-based multiple fault
localization. In Proc. IEEE/ACM International Conference on Automated Software Engineering
(ASE). 88–99. (Cited on page 72.)

[5] ACREE, A. T., BUDD, T. A., DEMILLO, R. A., LIPTON, R. J., AND SAYWARD, F. G. 1979.
Mutation analysis. techreport GIT-ICS-79/08, Georgia Institute of Technology, Atlanta, Georgia.
(Cited on page 39.)

[6] AGRAWAL, H., DEMILLO, R. A., HATHAWAY, B., HSU, W., HSU, W., KRAUSER, E. W.,
MARTIN, R. J., MATHUR, A. P., AND SPAFFORD, E. 1989. Design of Mutant Operators for the C
Programming Language. techreport SERC-TR-41-P, Purdue University, West Lafayette, Indiana.
(Cited on page 47.)

[7] AMMANN, P. AND OFFUTT, J. 2008. Introduction to Software Testing, 1 ed. Cambridge Univer-
sity Press, New York, NY, USA. (Cited on pages 20, 41, and 52.)

121



Bibliography

[8] ANDREWS, J. H., BRIAND, L. C., AND LABICHE, Y. 2005. Is Mutation an Appropriate Tool
for Testing Experiments? In Proceedings of the 27th International Conference on Software Engi-
neering (ICSE’05). St Louis, Missouri, 402–411. (Cited on page 64.)

[9] ANDREWS, J. H., BRIAND, L. C., LABICHE, Y., AND NAMIN, A. S. 2006. Using Mutation
Analysis for Assessing and Comparing Testing Coverage Criteria. IEEE Transactions on Software
Engineering, 608–624. (Cited on pages 37 and 52.)

[10] ATLASSIAN. Clover. http://www.atlassian.com/software/clover/. (Cited on pages 57 and 58.)

[11] B. BOGACKI, B. W. (Cited on page 45.)

[12] BEIZER, B. 1995. Black-box Testing: Techniques For Functional Testing Of Software And
Systems. San Val, Incorporated. (Cited on page 25.)

[13] BINKLEY, D. AND HARMAN, M. 2004. A survey of empirical results on program slicing. In
Advances in Software Engineering – Advances in Computers Vol. 62, M. Zelkowitz, Ed. Academic
Press Inc., 106–172. See also citeseer.ist.psu.edu/661032.html. (Cited on page 72.)

[14] BOGACKI, B. AND WALTER, B. 2007. Aspect-oriented Response Injection: an Alternative to
Classical Mutation Testing. In Software Engineering Techniques: Design for Quality, K. Sacha,
Ed. IFIP International Federation for Information Processing, vol. 227. Springer US, 273–282.
(Cited on page 48.)

[15] BOND, G. W. 1994. Logic Programs for Consistency-Based Diagnosis. Ph.D. thesis, Carleton
University, Faculty of Engineering, Ottawa, Canada. (Cited on page 70.)

[16] BOND, G. W. AND PAGUREK, B. 1994. A Critical Analysis of “Model-Based Diagnosis Meets
Error Diagnosis in Logic Programs”. Tech. Rep. SCE-94-15, Carleton University, Dept. of Systems
and Computer Engineering, Ottawa, Canada. (Cited on page 70.)

[17] BRADBURY, J. S., CORDY, J. R., AND DINGEL, J. 2006. ExMAn: A Generic and Customizable
Framework for Experimental Mutation Analysis. Workshop on Mutation Analysis 0, 4. (Cited on
page 49.)

[18] BRADBURY, J. S. AND DINGEL, J. 2006. ExMAn - An Experimental Mutation Analysis Frame-
work. http://faculty.uoit.ca/bradbury/exman/. (Cited on page 49.)

[19] BRADY, P. 2009. Mutateme. https://github.com/padraic/packman. (Cited on page 50.)
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