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Teaching undergraduate students how to test software is complicated by the 

absence of a simple, integrated and step-wise approach for generating test plans. No 

single testing technique fulfils these needs, and teaching only a collection of disparate 

techniques makes it dificult to assign work for shidents outside of class. It is 

important to teach students the need for rigor in testing, in contrast to the ad hoc 

approaches students typically apply during early programming courses. 

This thesis provides an integrated approach for test plan generation that can 

be used by students in undergraduate programming courses. The approach is 

designed for testing Java programs (with certain limitations), and contains many 

concepts that can be applied for testing programs written in other languages. The 

approach is defined as a series of distinct steps that can be performed without 

automated tools. The approach is illustrated with several examples and is compared 

with other approaches in the literature. Execution of the test cases for the examples 

shows that the test plans generated by the approach are usable and c m  help to identiw 

errors. The primary strength of the approach is in enabling students to see how 

multiple techniques can be combined and used together to generate test cases. While 

the approach is not designed to detect al1 classes of errors, it does illustrate how 

rigorous generation of test plans can identify test cases that might otherwise not occur 
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to the tester. Manual application of the approach promotes understanding of how and 

why specific test cases are created. 
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Chapter 1 

INTRODUCTION 

Despite the explosion of research in the fieM of software engineering, the 

pedagogy of software testing has received relatively little attention. This thesis 

defmes an approach for generating sobare test plans intended for use by students 

in lower level undergraduate programmindsoftware engineering courses. The 

primary goal is not to provide a testing technique that finds as many errors as 

possible, but rather to provide an approach that helps to convey to students the need 

for ngor in testing. 

1.1 Motivation and Goals 

There is no lirnit on the number and type of possible defects in software. 

This ruicertainty explains the impracticality of testing for al1 possible bugs in a piece 

of software. Various techniques have been developed for testing software. Popular 
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Software Engineering texts (e.g. [Pre92, Het88, DeM871) and survey papers (e.g. 

[Off96, Sca961) discuss a variety of techniques. Some techniques are based on the 

execution of al1 branches and controls within a program ( [p.55, Abb861, [p.661, 

Re921 ). Othen are based on the execution of dl program segments [p. 54. Abb861 

while still others on the testing of boundary conditions [p. 619, Pre921. Various 

techniques utilize different criteria for software testing and no single technique 

provides coverage of al1 possible types of errors. Different exishng techniques offer 

distinct advantages and disadvantages. For example, the path-analysis based 

techniques may encounter an infinite number of paths or may not detect al1 paths. 

Some techniques are very complex and require considerable ski11 on the part of the 

s o h a r e  tester. Such features of object-oriented software as encapsulation and 

inheritance pose significant problems in sofhvare testing [Har92, Mar95, Gra961. 

Moreover, many testing techniques are labor-intensive. 

From the standpoint of teaching software testing to university students, 

such an unorganized collection of separate techniques can be difficult to use. 

While one can cover a disparate set of topics during lectures, assigning take-home 

work for students can be greatly facilitated by having a testing approach that is: 

usable by hand, so that the steps involved are simple enough to apply with a 

reasonable amount of tirne and effort. 
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8 organized in a series of explicit steps, d i k e  most of the existing approaches 

in the literature. The hope is that this will help to increase the ease with 

which students can apply the approach. 

8 quite obvious as to how the technique is to be applied in virtually al1 cases. 

The amount of complex decision making should be minimized. 

usetùl for lower-level programming/software engineering courses for unit- 

testing of software. 

Consider a course on programming or software engineering where such an 

approach is not used and the students are taught several different approaches to 

software testing that target different types of errors. The importance of teaching the 

existence and purpose of the different testing approaches in the class lectures cannot 

be denied, but dificulhes &se when the students are provided with programming 

assignments meant for completion in a shon period of t h e .  Trying to test their 

software with the krmwledge of a disparate set of techniques as covered in their class 

lectures becomes curnbenome. It becomes very dificult to decide which technique 

to use for their problem and exactly how it is to be used. There is a need for a simple 

approach defined as a senes of well dehed  steps that can be applied in most 
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This thesis provides an approach that can be used by universities to aid in 

teaching how to generate software test plans. The focus of the approach proposed 

in this thesis is on test plan generation. This approach provides detailed steps for test 

planning and test case generation for use by students. 

It is not necessary in this context to provide a technique to detect al1 kinds 

of bugs. For teaching purposes, it is suficient to have an approach that helps 

students leam the process of testing, including the importance of rigor in testing as 

opposed to an ill-defined ad hoc approach. It is necessary to teach the value of 

rigorous approaches in general and to have an example approach to illustrate this 

value. However, the intention is not to teach a technique that is appropriate in large 

real-life projects. 

For the purpose of teaching, a manuai approach has specific advantages 

over an automated approach. If a student generates test cases using an automated 

tool, helshe is unlikely to gain the same insight into how or why specific test cases 

are included in the test plan. In addition, a non-automated approach has an advantage 

in the context of teaching - it can be used even in the absence of a specific 

technology platf'om or automated tool. Othen have found by experience that, for 
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pedagogical purposes, automation of test plan generation is of limited use since it is 

unreasonably tirne consurning to automate and involves difficulties not encountered 

with manual testing Wof931. Even &er decades of research on testing, there are 

many professionai testers who still rely on manual testing for their software 

products. Since automation speeds up a process, if there are mistakes in automation, 

the errors get multiplied quickly leading to chaos (Gra961. Automated testing is 

advantageous, even necessary, for some types of testing (e.g. data flow analysis). 

However, it is not necessary to include al1 types of testing in undergraduate 

assignments. Also, automation produces faster results but, unlilce commercial t e s ~ g ,  

producing quicker results is of less importance in a pedagogical setting. 
b 

To address needs specific of the undergraduate curriculum at the 

University of New Brunswick, the scope of this thesis is limited to Java programs 

of a size and complexity typical of what is expected in lower-level programming / 

software engineering courses. 

1.2 Test Plan Generation 

The purpose of o test plan is to i d e n e  test cases and to prepare for 
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execution of these test cases. The effectiveness of test case design affects software 

development t h e  and cost. To reduce tirne and cost, a testhg approach should aid 

in idenhfyuig test cases with minimal effort, as well as testing the maximum nurnber 

of software features with as few test cases as possible. 

Test plan generation is a part of testing activity that is Frequently 

overlooked by neophyte programmen. So test plan generation is a focus of the 

research in this thesis. Approaches for performing the following aciivities are beyond 

the scope of this thesis: (1) Test Case Execution, (2) Evaluation of Results, (3) 

Debugging and Fixing Errors, and (4) Enor Rate Evaluation. The rationale for this 

focus is that once students understand test cases and test plan generation. test case 

execution and evaluation of results (based on the generated plans) becomes relatively 

straightfomard. Error rate evduation is an advanced topic that cm be dealt with 

once the basics of testing are mastered. 

1.3 Overview of the Thesis 

This thesis is organized into six chapters and two appendices. A brief 

description of each is provided below: 

Chapter 2 provides an overview of related research. 



Chapter 3 describes a proposed test plan generation approach in detail 

with illustrative examples at each step. 

Chapter 4 illustrates the proposed approach described in chapter three in 

detail with two examples, in addition to the examples in chapter 3. 

Chapter 5 evaluates the proposed approach. 

Chapter 6 provides conclusions and directions for friture research. 

Appendix A lists the sample java code used in the chapter 4. 

Appendix B contains a list of standard tmth tables. 



Chapter 2 

LITERATURE OVERVIE W 

Testing of programs came to be an area of focus of the software 

engineering community in the 1970s. Since then many workshops and conferences 

have been held and much research conducted to design new techniques and improve 

the exishng ones. Object-onented software development is now popular in 

commercial as well as educational institutions. There is a significant lack of 

published literature considering techniques of sofhvare testing for pedagogical 

purposes. This chapter provides an o v e ~ e w  of the related literature. 

2.1 Testing and its purpose 

The term test has its origin fiom the Lath word testum which means 

earthen pot or vesse!. Such a pot was used for assaying metals to determine the 



presence or measure the weight of various elements, thus the expression "to put to 

the test"[Het88]. Today the word is encountered in everyday life in varieties of 

situations - "class test", "behavioral tests", "vehicle tests", "hardware tests", 

"software tests", etc. We will use this word in the perspective of testing of computer 

prograrns or software. Earlier the concept of testing was rather simple. The 

programmer used to write the code and test it to check for errors. 

Today most people believe that the purpose of testing is to see if the piece of 

software works or not. The following are some common practitioners' views of what 

is meant by "sofhvare testing" [Het88]: 

Checking programs against specifications. 

Finding bugs in programs. 

Detennining user acceptability. 

Insuring that the system is ready for use. 

Gaining confidence that it works. 

Showing that a progam perfoms correctly. 

Demonstrating that errors are not present. 

Understanding the limits of performance. 

Leaming what a system is not able to do. 

Evaluathg the capabilities of a system. 

Venkng  documentation. 

Convincing onself that a job is finished. 
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These varying views show testing to be a broad and continuous activity 

that takes place throughout the development process and is aimed at evaluating an 

attribute or capability of a program or system and determinhg that it meets its 

required resul ts [Het 881. 

It was not until the 1970s that testing was given much attention. Earlier 

testing was viewed as "obtaining confidence that a program or software performs as 

it is supposed to"[Het88]. Meyers viewed testing as an activity intended to find 

errors [Mey79]. Today testing is commonly associated wi th measuring the quality 

of software. It should be clearly understood that testing cannot show the absence of 

defects, it can only show that defects are present [Pre92]. 

2.2 Testing Strategies and Techniques 

There are two common approaches to testing software. Depending on 

whether the test cases are generated based on an understanding of the intemal 

organization and working of the software or based on an understanding of the 

desired extemal behavior of the software. the testing strategies are either classified 

as either "white-box " or 4'bluck-box " respectively [DeM87, McA961. 



2.2.1 Black-box Testing 

In "black box" testing the tester does not require an understanding of the 

intemal structural organization and behavior of the software. The unit to be tested 

is viewed as an opaque box and anomalies in the inputloutput behavior of the unit 

with respect to its specifications are sought. Thus it is the specifications which guide 

the selection of test cases in this strategy PeM871. The test cases are derived fiom 

input conditions that will fully execute al1 functional requirements of a program 

[Pre92]. 

There is different published literature on different approaches for test case 

generation in black-box testing: "eqlrivulence parrilioning ", "boundury value 

analysis ", "cairse-effect graphing ", "random testing", "error guessing ': etc. to 

mention a few. 

[n eqrîivalence partitioning, the input domain of a program is divided into 

classes of data, on the basis of the programs' input specification, fkom which test 

cases are derived [DeM87]. Ln this case a class of errors is detecteâ, for example 

inability of a program to properly handle long integers or strings. Since a class of 

errors are detected, the number of test cases gets reduced Pre921, thereby saving 



unnecessary effort and t h e .  Pressman [p. 618, Pre921 provides a set of guidelines 

for defuiing equivalence classes, based on whether an input condition is a range, a 

value, a set of values, or a boolean value. 

The Boundury value analysis (BVA) technique is based on îhe fact that 

most errors lie at the boudaries of the input equivalence classes than at the center. 

Therefore, test case selection is based on the selection and use of appropriate 

boundary values [Mey79, Pre921. Pressman [p. 620, Pre921 provides a set of 

guidelines for boundary value analysis. It is a complementary technique to 

equivalence partitioning. 

Cause-effeci graphing is a black-box testing technique in which the causal 

relationship between the inputs (causes) and output(effects) is identified and a cause- 

effect graph is ârawn. The obtained graph is converted to a decision table, fiom 

which test cases are generated [Mey79, DeM87, Pre921. 

Error-gz<essing is a technique which is largely intuitive and ad hoc . In it, 

test cases are constnicted based on a possible list of errors [Mey79, DeM871. 

Randorn testing is a technique in which a program is tested by randomly 

selecting some possible input values [DeM87]. Its usefdness is highly controversial. 
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Whereas some researchers [Mey79] do not believe in this technique, some of them 

[Tha78] suggest that it be undertaken during the final phases of testing [DeM87]. 

The primary limitation of techniques based on black-box testing strategies 

arise fiom the fact that they strongly depend on the correctness of the specification 

(which usually is not the case in practice) [DeM87]. Also every possible input needs 

to be checked, to assure the correctness of the program [DeM87, Mey791. These 

techniques are based on specifications and there is no knowledge of the intemal 

organization of the sofware. 

2.2.2 White-box Testing 

The test case design in this strategy is based on the understanding of the 

intemal structure and code of the s o ~ a r e  under test. The test cases are derived 

based on an understanding of the logic of the program, the data structures, file 

structures and different control structures used. Test cases are denved to exercise al1 

independent paths, al1 logical conditions and their possibilities, al1 loops and data 

structures involved within a piece of code [Pre92]. Both black box and white box 

testing are important, since s o b a r e  needs to be tested for its internd correctness but 



also for its correctness and validity against requirements and specincations. 

There are different techniques that depend on the white-box strategy for 

test case generation. Some of the most common are, "All-Statement Analysis", 

"Input Space Partitiming': " B m c h  Testing': "Condition tesring", "Domain 

Testing ", "Data Flow Testing ", "Mlltation Testing ", etc. 

In the AIl-Stutements Analysis technique, every staternent in a program 

needs to be executed at least once. The limitation in this technique is quite obvious 

in bat, in programs with complex loopings and other program structures this 

technique becomes very complicated. Also, this condition is not suficient by itself 

because some errors may still go undetected [DeM87, Mey791. 

In Inpiif space partitioning, the input space of a program is partitioned into 

path domains. Test cases are selected by picking up some test data from each of 

these path domains in such a way that evely path in a program is tested at least once 

[DeM87]. Since there could be an infinite number of such paths, a procedure is 

chosen to obtain a partial set of the set of al1 paths [DeM87, How81, Mey791. 

Condition Testing is a type of control structure testing where the logical 

conditions contained in a program module are exercised at least once. An expression 
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of the form Expr l< op > Expr2 is a relational expression, where 'Expr 1' and 

'ExpR' are relational expressions and 'op' is the relational operator which can be <, 

=, r, >, = , 2 ,  + etc. [Pre92, DeM871. The boolean operators such as 'AND', 'OR', 

'NOT', 'EXOR' can combine simple conditions or expressions to f o m  a composite 

condition (expression). Some of the cornmon condition errors involve the boolean 

operator, boolean variable, relational operator or arithmetic expressions. Condition 

testing detects not only errors in conditions (or conditional expressions) used inside 

the program, but also other types of errors. 

Brunch Tesring requires that every possible outcome of al1 decisions be 

executed at least once [DeM87]. It is a simple type of condition testing. For a 

compound condition, the "true" and "false" branches of the condition and the other 

simple conditions in that cornpound condition are executed [Pre92]. Since every 

staiement is also executed if eveiy branch in a prograrn is exercised once, all- 

statement coverage is also automatically included in ihis approach. One drawback 

of this technique is that there might be no decision statement in a program. There 

might also be multiple enûy points. Moreover, if exception handling codes are 

inserted somewhere in the unit being tested, these may not be executed at al1 

[DeM87, Abb86, Mey791. 

Domain Tesring is a technique aimed at reliably detexmining a set of test 



data which will bring domain and boundary errors to light. The problem with domain 

testing is its complexity. The analysis requires considerable skill to carry out. Also, 

it might not always be possible to detemine the domains [Abb86]. 

In the Data Flow Testing method, test cases are selected based on the 

locations of definitions and uses of variables in the program [Pre92]. In data flow 

testing, the statements in a program are related to each other according to the 

definitions and uses of variables. The test path selection and test coverage 

measurement are more dificult than the corresponding problems for condition 

testing [Pre92, Off961. 

Mittution resting is a fault-based testing technique predicted on the 

assumption that a program will be well-tested if dl simple faults are detected and 

removed. It is not a test method, but a method of evaluating the thoroughness and 

completeness of testing. It is mostly used for detechng the thoroughness of test data 

adequacy, which ensures that certain errors are absent in the code under test. In 

mutation testing, test data are applied to the unit being tested and to its "mutants " 

(programs that contain one or more likely errors). If the program unit passes a 

mutation test, then the program is supposedly correct. There are two varieties of 

mutation testing: weak mutation testing and trace mutation testing. In the case of 

mutation t e s ~ g ,  the tirne taken by mutation and its computational cost are seen to 
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5e major problems [Off%, Abb86, DeM871. 

Different testing techniques have different sets of advantages and 

disadvantages. The criteria for software testing utilized in each of these techniques 

is different. None of them is suficient by itself. Such techniques as domain testing 

and mutation festing are quite complex and are dificult to apply manually. Some 

others, although comparatively easier to apply manually, have specific problems of 

their own. Difficulties arise when it cornes to leaming software testing by the lower- 

level undergraduate students and applying them in their course assignments/projects. 

Those students are new to the field of Cornputer Science and they don't have much 

understanding of different complex Software Engineering techniques. They are likely 

to confuse one with the other, if the techniques are not simplified. None of the 

references found shows a simplified technique that can be easily understood. These 

references are very concise and are very difficult to understand. Also the above 

techniques cannot be applied directly for the testing of object oriented sofhvare. 

The following sections discuss some of the research that has been solely 

devoted to testing object oriented programs. 

2.3 Testing of Object-Oriented programs 



The increasing popularity of object-oriented programming brings with it 

new and challenging issues for its testing. As will be seen, the published body of 

knowledge for the testing of object-oriented sofhvare is not extensive. Published 

literature devoted to the testing of object oriented software is considerably less. 

Although object-oriented software development has currently become very popular, 

significantly less aîtention has been paid to research on the testing of object oriented 

software. This will be more evident in the following discussions on object oriented 

testing. Fiedler [Fie891 is presumed to be the first published paper significantly 

dedicated to the testing of object oriented software. 

Fiedler [Fie891 believes in the applicability of the traditional techniques 

used for the testing of procedural programs for the testing of Object-Onented 

programs as well. ". . . . . . . . . Practices used in testing traditional procedural systems c m  

be integrated in the approach to object-oriented testing", he suggests [p.74, Fie891. 

Fiedler applied his ideas to a clinical information system using an extended version 

of CH. From his experience with it, he opines that the main difference found on 

applying procedural testing techniques to object-oriented systems is that each class 

must be treated as a unit and therefore unit testing in an object-oriented environment 

must begin earlier in the life cycle. Both black box, functional testing techniques and 

testing structure employing complete path testing are required. According to Fiedler, 

since the developen know more about the internai details of the units under test and 
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since an independent tester or a developer is not involved in the design and 

generation of the code, it might be difficult for independent testers to perform 

adequate testing. The tasks associated with the testing process for class units consist 

of test case design, construction and test execution. In the design phase, the test 

approach is determined to see what needs and does not need ta be tested. In 

construction al1 the paths in the module that require test coverage and creation of test 

cases based on class specification is done. During the execution phase the test cases 

are actually executed. He derived test cases based on the traditional techniques of 

equivalence partitioning and boundary value analysis. He dealt with exception 

handling situations separately, because they disrupt the normal control flow of a 

program. Finally, he concludes that there is a significant arnount of cost in terms of 

tirne associated with performing class testing but strongly believes that practices 

used in testing traditional procedural progams can be integated in the approach to 

object oriented testing. 

Fiedler's approach relies on black-box testing techniques for test case 

development. His paper only outlines some key issues and their solution in the 

testing of object oriented prograrns. It does not provide a detailed illustration of how 

one can apply his ideas for testing. Nevertheless his ideas are valuable since it is 

supposedly a first step in testing object oriented programs using ideas for the testing 

of traditional prograrns. There is still a need for a simplified and well defmed and 
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illustrative approach for teaching testing of object-onented programs. 

Smith and Robson [Srni921 prefer testing of object-onented systems in an 

object-oriented manner. They present a Frarnework for Object-Oriented Testing 

(FOOT), which is based on the above idea. In their paper they identify the problems 

associated with the testing of object-oriented programs. They view object-oriented 

systems at a number of different levels of abstraction: algorithmic, class, cluster and 

system. While discussing the problems associated with inheritance and reuse they 

[Srni921 quote Peny and Kaiser's statement, "Encapsulation together with 

inheritance, which intuitively ought to bring a reduction in testing problems, 

compounds them instead" [Per90]. In an inherited system, there is not much problem 

with testing inherited classes if there is an effective procedure for testing classes. 

"Al1 that is required is flattening of the class definition and testing the flattened class 

in a normal way"[Smi92]. This is not a good way of testing since, if the parent class 

is assumed to be tested, then there should be a reduction in tests for the child class. 

"Since object-oriented programs allow the programmer to encapsulate entities and 

mode1 the real world, it is intuitive to consider the testing process in that 

light9'[Smi92]. Smith and Robson [Srni921 identified some of the errors that a routine 

may have inside an object: Interroutine errors and Intraroutine errors. Interroutine 

errors may either be conceptual, when the routines overlap in functionality, or actual 

errors due to interaction between routines. Intraroutine errors may also be either 
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conceptiral, when routines designed to perform a certain task may not perform the 

task correctly or may perfonn a slightly different task, or actirul when the routines 

may be implemented incorrectly. In response to the above discussed problems, 

Smith and Robson [Smi92] have developed a fiamework that provides a repeatable 

method supporting the testing of classes, an object-oriented approach to testing, and 

the ability for redesign and reassessing the framework to alter and extend it to 

enhance the testing process. FOOT fint parses the file containing the class 

declaration. This yields information on the constnictor and destmctor and the 

rnember functions of the class. Next, the test saategy is selected based on which the 

test tuples generator generates sequences of tuples. This sequence ofhiples represent 

combinations of routines. 

FOOT is comprised of the following five components: (i) the main dnving 

program, which is a controller for the test bed and provides an human interface, (ii) 

the classes under test, (iii) test class information files which store the information for 

the class under test and its testing information and their results, (iv) test strategies, 

which provide guidance for testing the next combination of member functions, (v) 

TOE, which allows returning of results and selection features from the testbed 

controller. 

This fiamework is really more effective for commercial software 



development projects where automation of testing is the main goal. It is not good for 

our purposes. Also, this paper only provides some discussions on FOOT, but the 

actual discussions and illustrations on how the testing is perfonned are not discussed 

properly. Moreover, the testing requires file parsing, test tuple generahon, etc., 

which may not always be a simple task. Therefore it is not a good approach to adopt 

in a course on teaching testing in an educational institution. 

Cheatharn and Mellinger [Che901 advocate the use of message passing 

graphs in testing object oriented programs. Message passing graphs are created by 

diagramming the message passing in an object-oriented program. They suggest that, 

testing in a bottom-up manner - if the message-passing graph is not a tree, one 

should at first try to find a sink in the directed graph; test it, remove the sink and 

follow in this way. They suggest that if a class is not a derived class, unit testing is 

equivalent to unit testing in a traditional system. If the class being tested is a denved 

class, the parent class should be thoroughly tested first. Then the derived class can 

be tested in conjunction with the base class. Therefore the denved class should be 

tested afler testing the parent class. They suggest that : 

(1) if a member function is inherited unaltered from a parent class, little additional 

testing is needed; at most, the inheritance should be re-tested; 

(2) if a member function in the denved class completely replaces an inherited 

rnember function with the same name in the parent class, the function must be tested 
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as a new member function, or 

(3) if a completely new member function is defmed in the derived class, the fûnction 

must be tested as a new member function, and 

(4) if a member function in the derived class uses an inherited member function with 

the same name, the related member function in the parent class can be treated as a 

black-box for testing. 

They conclude that unit testing in 00 programs can provide strategic 

advantages by reusing classes from the object library. Unit testing in 00 software 

development can begin earlier in the cycle, as soon as the class is implemented. 

Usage of message passing graphs provides a measure of complexity and help in the 

direct testing of an Object Onented Programming System(0OPS). 

This method might become puzzling in situations where complicated 

graphs arise. Moreover it does not present clear step-wise illustrations which are 

required for teaching. 

Harrold [Ha921 presents an incremental class testing technique based on 

the hierarchical nature of the inheritance relation. The testing information of the 

parent class is re-used for testing the related groups of classes and incrementally 

updated to guide the testing of the sub-class. 
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Harrold' s hierarchical incremental class testing technique initially tests a 

base class by testing each member function individually using a test suite that 

contains both specification-based and program-based test cases. The specification 

based approaches can be constructed by using the existing approaches (e.g. one 

proposed by [Fra89]). 

The testing history for a class contains: (1) associations between each 

member function in the class and (2) both a specification-based and program-based 

test suite. A testing history associates each test case with the attributes that it tests. 

The fint testing history is represented by a triple {mi, (TS, test?),(TP,, test?)) where 

m, is the member function being tested, TSi is the specification-based test suite, TP, 

is the program-based test suite, and 'test?' indicates whether the test suite is to be 

(re)run. 

To perform intra-class testing, i.e. to test the interactions among member 

functions in the same class, a class graph is created with each node representing 

either a member function in the class or a primitive data member, and each edge 

representing a message. Here also the test history consists of mples, (m,, (TIS, 

test?),(TIP, test?)), where m, is the root node of the class graph subgraph, TISi is the 

specification-based integration test suite, and TIP, is the program-based integration 

test suite and 'test?' indicates whether the test suite is to be totaiiy (re)run (Y), 
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partially (re)run (P), or not (re)run(N). 

Inter-class testing is required when member functions in one class interact 

with member functions in another class. The techniques in this case are also similar 

to those mentioned above. 

The advantage of this technique is that it provides savings both in the 

analysis time (for the class to determine what must be tested) and in the test-case 

execution time. The p n m q  drawback of this approach for use in teaching 

institutions is that the approach utilizes data-flow testing in the hierarchical system 

for both individual member functions and interacting member functions ta provide 

base class testing and subclass testing, but data flow testing is dificult to perfon 

manually. Also the approach utilizes the C++ class interface definition for 

construction of inhentance hierarchy and test case history. This makes it somewhat 

unsuitable for Java programrners. Also the testing approach is not clearly illustrated 

with sufficient examples. 

Hoffman and Strooper [Hof93] provides an approach which automates the 

process of testing by developing a "driver" class and an "oracle" class for each class 

under test (CUT). îhey use "test graphs" which are based on state machines, on 

which the driver class is based. The oracle class supports only the test graph States 
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and transitions and provides simi1a.r operations as the class under test. They use 

collection classes (e.g. sets, queues, trees etc.) rather than graphical user interface 

classes. 

The basic operations in their meîhodology are: (1) Designing the test graph. 

The test graph is automatically travened at run-time. ['arc' or 'nod' are invoked each 

time when a arc is traversed or a node is reached, respectively.] (2) Implementing the 

'arc' and 'nod' functions. (3) Developing the oracle. Implementing the oracle is of 

lesser cost than implementing the CUT, since it supports only the testgraph States 

and transitions. This technique is more useful for situations where automation is the 

goal. 

Some researchers advocate the use of ADT theory in testing object onented 

software, while some others are not in favor of its use. The focus of ADT theory is 

on a functional or specification-based level of software testing. In ADT theory the 

program specifications are converted to algebraic specifications. 

The following sections elaborate upon the above discussions. 

Doong and Frank1 [Do0941 describe an approach called ASTOOT (A Set 

of Tools for Object-Oriented Testing) for the unit testing of object oriented 



programs using a specification based language, LOBAS (Language for Object Based 

Algebraic Specifications), whose syntav is sirnilar to 00 programming language 

syntax and is based on the aforementioned concept of ADT theory. ASTOOT is 

based on Eiffel. In their approach each test case consists of tuple of sequences of 

messages, dong with tags indicating whether these sequences should put objects of 

the class under test into equivalent States (Doo941. They execute the tests by sending 

the sequences to objects of the class under test after which a user-supplied 

equivalence checking mechanism is invoked. ASTOOT has the potential for 

automating many aspects of the unit-testing of object-oriented programs such as test 

case generation, test driver generation, test execution and test checking. 

ASTOOT has three components: the driver generoror, the compiler, and 

the simplrfier [Doo94]. The interface specifications of the class under test (CUT) 

and of some related classes are taken as input by the driver generator and a test 

driver is produced as output. The compiler and simplifier are capable of generating 

test cases from algebraic specifications. 

The ASTOOT test generation tool assumes that an algebraic specification 

of the abstract data type being tested is available. This is not required in the case of 

the test execution tool which can be used even when the formal specifications are not 

available. 



The ASTOOT approach is a specification-based approach and requires 

knowledge of ADT theory which is based on advanced Mathematics and Computer 

Science understanding. Also since it is a specification based approach, obviously it 

does not cater to structural concems and is not a wholly satisfactory solution. 

Murphy et al [Mur941 found the earlier approaches of testing the 

distributed network management system, TRACS (Trouble Advisor for Customer 

Services) based on system and cluster testing insufficient, since there were many 

defects found dunng system testing. This motivated them to include class testing 

during the development of subsequent versions. in the TRACS system a cluster was 

defined as a collection of classes re!ated by a similarity in function. 

Cluster and system tests, in the original TRACS system, were functional 

and dynarnic since test cases were based on a user's view of the behavior of the 

system [Mur94]. The clusters were classified into two categories: application- 

specific clusters and library clusters. Whereas the I i b r q  clusters provided 

functionality necessary for implernentation, an application specific cluster provided 

functionality that was directly related to the system specification. The testing and 

development of application specific clusters were ordered by a client-server 

dependency, with the least dependent cluster being tested fint. This least-dependent 

cluster, once tested, was used to supply a support environment for the next cluster 
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testing. This kind of approach helped in elirninating explicit integration testing 

[Mur94]. 

The problems found with the earlier approach were that the bugs that could 

have been caught earlier in the life cycle continued through to system testing. As a 

result, the cost in time of fixing the defects increased a significant amount. To take 

care of this they revised their testing methodology to incorporate class tests. A tool, 

an Automated Class Exerciser (ACE) was used to create class and cluster tests. For 

generating test cases, both functional and structurai testing techniques are used in the 

development of an ACE script. 

Their approach is very useful in uncovering more defects earlier in the life- 

cycle and also defects in the existing sofhvare during maintenance, thereby reducing 

cost to a significant extent. 

This paper does not discuss the steps on how to perform testing. It also 

does not explain clearly how to test the higher level object-oriented concepts such 

as inheritance, polyniorphism etc. This approach is for testing during the whole 

software life-cycle, which is not the concem of this thesis. 



2.4 Overview of text books on testing 

Marick's text [Mar951 is a valuable reference for professional 

programmers for performing subsystem testing of software. The fust nineteen 

chapters discuss the creation of test specifications and test requirements checklists 

and then inspecting the code with a "question catalog". The test also discusses other 

important advanced level concepts such as testing under pressure, testing bug fixes 

and other maintenance changes, creating state machines and state charts. Based on 

the concept of preparation of requirements catalogs, an approach for testing object 

oriented programs written in C++ has been proposed. This approach is more suitable 

for testing at the integration level, i.e., testing the flow of information between 

different units of a progarn. It would be very valuable if beginners could master the 

concepts discussed by Marick. However, application of the approach requires a 

considerable amount of time and does not require enough understanding of the code. 

The approach is not quite cohesive and not organized in simplified steps and is thus 

not suitable for testing Java programs, that are given out in student assignments, in 

less tirne. 

DeMillo et al's PeM871 reference is quite informative for testers of 

procedural progams. It is primasily directed towards defense p e r s o ~ e l  involved in 



software testing. It provides an oveMew of the defense practices, the policies and 

standards required by defense soRware engineers. However, the fust few chapters 

are very informative and provide a summary of techniques for testing and a 

cornparison between them. The discussions related to defense practices may be 

treated as case studies. They provide various ideas about the standard software 

engineering (testing) practices that are required in real life mission critical and 

rnilitary software development projects. 

Hetzel's text [Het88] is also very informative and discusses al1 the phases 

involved in the testing of procedural prograrns. This book provides vaiuable 

information not only for b e g i ~ e r s  but also for professionals. It reviews the existing 

techniques ( e g  branch testing, senictured basis testing) required for testing software. 

The text contains information on some of the popular tools for testing and their 

usability. It introduces some of the concepts like testing through reviews, testing 

requirements, designs, changes, software packages. This reference is primarily a 

introductory book on different concepts on testing, but does not provide a single 

cohesive approach with detailed steps that can be used for testing multiple aspects 

of a software. 

Abboa's text [Abb86] is a good handbook for software testers of al1 levels 

of competency. This reference is fully devoted to the overview of traditional testing 
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techniques for procedurai programs. The book is a good reference for individuals 

who want to apply branch testing, domain testhg etc. for testing their programs. It 

discusses some of the methods that have potential for gaining popularity in the future 

such as symbolic evaluation, partition analysis, mutation testing. The book also 

provides the problems that are associated in applying the different techniques for 

testing, thereby giving its readen a clear and concise idea on the limitations involved 

in applying a particular technique. Although the book is a valuable source of 

information on different testing techniques and practices, it is of limited use in a 

course on java programrning, since ii is not targeted towards testing object-oriented 

prograrns. 



Chapter 3 

PROPOSED APPROACH 

This chapter discusses the proposed approach for generating software test 

plans. Example prograrns to illustrate the approach are provided. These examples are 

derived fiom sources such as course assignments fiom undergraduate Java courses in 

Cornputer Science at the University of New Brunswick and Java textbooks [Dei98]. 

The approach is based on manual generation of test cases to help shidenis understand 

why and how test cases are defined. The approach is best perfoxmed by the 

programmer, as it requires a good understanding of the code to be tested. To limit the 

effort required, this approach is meant to be applied to sections of code ranging from 

several hundred to a few thousand lines. 

3.1 Assumptions 

This approach is based on several assurnptions. They are as follows: 
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(i) T e s h g  at the unit level (class level) is the primay focus of the approach. Inter- 

class and system testing are not considered. Inter-class iesting brings with it 

integration testing issues such as interfacing and proper working of al1 classes in 

combination. To reduce the complexity of the approach, inter-class testing is 

deliberately omitted and left for further research. System testing takes place at a 

higher level than inter-class testing and requires testing against functional and lion- 

functional requirements as well as testing within the target operational environment. 

System testing is omitted to keep the approach simple. 

(ii) Complete testing of student assignments involves considerable effort; more effort 

than is necessq  for demonstrating testing concepts and techniques. In light of this, 

only some aspects of programs are tested with the proposed approach. According to 

Pressman [Pre92], even for a single program of a 100 lines, containing a single loop 

that can be executed 20 times, the number of possible paths cm be as high as 10" . 

This illustrates the Unpossibility of performing exhaustive testing. 

(iii) The approach is primarily directed towards teaching institutions and is not 

intended for commercial purposes. 

(iv) Only testing of code and not testing of database tables, graphics etc. is a concem. 
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(v) The approach is to be used by students to test programs they have written for 

course assignrnents. The students receive a specification fiom the coune instnictor 

that defuies how the prograrn should function. Such specifications are not necessarily 

complete. in other words, there may be some details of how a program should 

function that are lefi to the student to decide. For example, a specification might state 

that "an error message should be displayed" when a particular error is detected, and 

it is left to the student to determine what the message says. 

(vi) The proposed approach resûicts itself to test plan generation (as discussed in 

section 1.2) which involves the definition of a set of test cases to be run for a given 

prograrn. This implies that (a) the progarn specification allows for varying input to 

the program (a progam whose inputs are completely fixed by the specification has, 

by definition, a single test case), and (b) the program can be nui to execute the 

program (in other words, the student has witten a program that compiles 

successfully). 

(vii) Source code is available to the tester. 

(viii) nie size and complexity of the programs being tested are consistent with 

undergraduate student assignrnents. Typicai expectations for such programs are for 

the nurnber of lines of code to range fiom several hundred to a few thousand, with a 
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small number of student-defmed classes involved (on the order of fiom one to five 

classes). 

Exam~ie 

The program in Figure 3.1 is used as a running example in this chapter. The 

program is adapted fkom Deitel [Dei981 with modifications to illustrate selected 

features of the approach. This program bean similadies to programs developed by 

students in the sense that there are problems in the code (e.g. dividing by 10, as is 

discussed below). The proeram soecification is as follows: 

Wnte a program that determines the class average on a quiz taken by ten students in 

a class. The grades (one of the letters A, B, C, D, or F) for each of the ten students 

taking the quiz are avaiiable. Each grade should be entered by the program user as a 

single letter, followed by pressing the "Enter" key. The average is calculated by 

assigning a grade point value to each grade. The grade point value corresponding to 

the letter grade A is 4, to the letter B is 3, to the letter C is 2, to the letter D i s  1 and 

to the letter F is O. if a grade other than A, B, C, D, or F is entered by the program 

user for any of the 10 students, an error message should be printed and that e n w  

should have no effect on the average (that is, the average should be calculated based 

only on the other students). The average should be displayed as a numenc result, 

including any significant digits after the decimal point. The program is to be run in 

the W indo ws environmen t . (end ofspecifcution) 

The highlighted and labeled (e.g. "c,") portions of the program in Figure 3.1 
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are explained in Section 3.2. All example programs in this thesis have been 

successNly compiled using Java Workshop 3.0.4 and JDK 1.2.2. 



import j ava . io . * ; 
public class Average ( 
public static void main(String args[]) 
throws IOException( 

in t  counter, grade, t o t a l ,  average: 

total = 0; 
counter = 1; 

while (cmter., <{ 16) { 
System. out. print ("Enter letter grade: It) ; 
grade = System.in.read(); 

c, 
if (grade ' A s )  
total = total + 4; 

% 
else if (grade'd ' B p )  
total = total + 3;  

Cr 
else if (grade - ' C f )  

total = total + 2; 
Cs 

else if (grade == )DI) 
total = total + 1; 

else 
total = total + O ;  

System. in.skip (2) ; 
counter = counter + 1; 

1 

//temination phase 
average = CalculateAverage(tota1); 
System.out.println(~Class average is " + average): 

public static int CalculateAverage (int Total) 
{ 

int average; 

( '  
1 

average = 5; 

if 

Figure 3.1 Sample Java Code (continued on next page) 
I 
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car 
( (Total <=. l0) 

C6.2 
&& (~otal'.>-f 1)) 

/* case l ( a )  */ 

/* case 1 (b) */ 



. .., 
'-A. 

1 c .. 
- - -  ...- ...... ..,.,.,,.. :y? ..,.,.. ; el se i f (T&al;js::i;iio) 

..A. ...........,. . .....- ...- ,: ....... ,:.... 
{ 

average = 0 ;  
1 
else ( 

average = Total / 10; 
1 

return average; 

Figure 3.1 Sample Java Code (continued) 

The Approach 

The proposed approach is based on the following fundamentais: 

A test plan consists of a set of one or more test cases. Each test case 

specifies a set of inputs that should be provided for a single execution of the 

prograrn, plus (based on the program specification) the result expected from 

executing the prograrn with the given inputs. The purpose of the approach is 

to specify how students c m  generate a test plan for a given program. 

"Inputs" are defined as any values or user actions (e.g. mouse clicks) that 

cm affect the execution of the program and can Vary h m  one execution of 

the program to the next. Based on the nature of the program specification, 

varying the inputs to a given prograrn may or may not involve re- 

compilation between executions. For example, the specincation of the 



program in Figure 3.1 indicates that al1 input values are "entered by the 

program user". In this case, the program need not be re-compiled to vary 

the input to the program. On the other hand, the specification of the 

EmployeeTest class in Section A. 1 of Appendix A allows test values to be 

embedded in the source code (which, for some, is a fairly common practice 

for student programs). ui fact, the source code in Section A. 1 does embed 

test values for a sample employee in the source code for the EmployeeTest 

class. In this case, one must change the source code and re-compile to 

change the "input" values for testing purposes, In both cases, the program 

specification makes it clear how students should provide test input. 

3. The Java programs that students write typically make use of existing lava 

classes, in some cases classes that are provided by the course instructor. 

The testing approach proposed by this thesis focuses on students testing the 

code written by the student, rather than testing this code plus al1 pre- 

existing code. As an option, an instnictor might supply source code for one 

or more instmctor-supplied classes and direct students to include this code 

in the code to be tested. In either case, the instructor has a degree of control 

over how much the students are expected to test, and students have a well- 

defmed scope of code to be tested. 

4. The code to be tested by a student can include several classes and multiple 

methods per class. The approach proposed by this thesis directs students to 
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create a set of test cases that encompass &i the code to be tested by the 

student. Jn developing this testing approach, a strategy was considered 

where the student must determine the order in which the individual classes 

and rnethods should be tested. Such a strategy would be consistent with the 

incremental testing approaches proposed by [Har92] and [Smi92], the 

purpose of which is to ensure that the most independent portions of 

programs involving inheritance or class dependencies are tested first. There 

are three factors, however, that lessen the need for such a strategy in the 

context of shidents who are just b e g i ~ i n g  to leam about s o h a r e  testing: 

(a) The code to be tested by a student is assumed to be relatively small in 

size and simple in cornplexit-. The benefits gained by the student (that is, 

the potential problems they avoid) by testing, fixing and re-testing one 

portion of their completed prograrn before moving on to another portion 

tend to be minimal. 

@) Students c m  (and should) achieve an incremental program development 

strategy with an incremental testing stntegy. A student can vnite code for a 

subset of the stated programrning problem, test this code in its entirety, and 

then incrementally add functionality to the prograrn, testing fully after each 

addition. This avoids problems with shidents assuming that previously 

tested portions of code no longer need to be tested, even when the prograrn 

is changed. 



(c) If an incremental testing strategy is adopted, then our proposed testing 

approach must include guidelines for how students should execute test 

cases that exercise portions of the code they have wnitten in isolation fiom 

other portions of the code. While this is possible to do (with drivers and 

stubs, etc.) it complicates the approach, making it more diflicult for 

students to understand and apply, with little benefit in terms of the efficacy 

of the approach. 

5 .  Students derive the expected result for each test case fiom the program 

specification. As noted above, specifications cm be incomplete and 

arnbiguous. Students c m  be expected to test the program only for 

compliance with the specification. For example, if a specification states that 

a program should provide "an appropriate error message" when a particular 

error occurs, then the expected result of a test case that forces the error to 

occur is that some (any) error message is provided. It is the responsibility of 

the course insbuctor to provide a program specification with an appropriate 

amount of detail; that is, enough detail to support the extent to which the 

instnictor wishes the students to test their programs. 

The approach consists of four stages - 1, II, III and IV (see Figure 3.2). 

Stage 1 generates test cases by analyzing the control flow, Stage II generates 

the test cases by modified techniques of equivalence partitionhg and 



boundary value anaiysis. Stage Ill generates test cases for special values 

and Stage IV generates test cases judged by the student to represent 

"typical" program input. If a newly generated test case in any stage 

accomplishes the same purpose as an existing test case, then the new test 

case is not added to the test plan. 



of the program 

1 Select program to test 1 

1 Stage 1: Analyze control flow 1 

Stage II: A modified version of equivalence 
partitionhg and boundary value analysis 

Stage III: Test special values 

Stage IV: Test typical values 

1 Prepare for Test Case Exeîution 1 

Figure 3.2 Diagrammatic oveMew of the test plan generation 
approach. 



The proposed testing approach generates test cases in different ways in 

phases 1 through N. As test cases are generated, the student documents each test 

case in a Table of Test Cases (see Table 3.3) with the following format. Each test 

case occupies one row in the table. The columns in the table are as follows: 

1. Test case#: Test cases are numbered consecutively as they are generated. 

2. Description: A fiee-format text field used by the person who generates the 

test plan to describe the nature a d o r  purpose of each test case. This aids in 

understanding the results of the test cases when testing is perfonned based 

on the plan. 

3. Input: Specifies the input to be provided to the program during execution 

of the test case. ïhere is no specific format for speciQing input as part of 

the test plan, however entries in this field should make it clear precisely 

what input should be provided to the program at each point in the execution 

the test case where input is possible (including any re-compilation required 

prior to execution, as discussed above). 

4. Expected results: This field is completed during generation of each test 

case to document what the program should do in response to the specified 

input if the program works properly (that is, as specified by the program 

specification). 

5.  Actual results: This field is lefi blank during test plan generation. It is used 



later, to document what happens when each test case is executed. If a 

program works properly, the entries made in this field for each test case 

should indicate that the expected results match the actual results. 

Completion of this field is outside the scope of this thesis. 

6. Error? (yeslno): This field is left blank during test plan generation. It is 

used later, to document what happens when each test case is executed. This 

field is "no" if expected and achial results match for a given test case. 

Otherwise this field is "yes" to indicate that an error is detected. 

Completion of this field is outside the scope of this thesis. 

An example of this type of table is provided as Table 3.3, following the 

presentation of the steps in Stage 1. 

Staee 1 

The overall purpose of Stage 1 is to generate test cases based on flow of 

control. The basic idea is to define enough test cases so that each 

condition (that can affect which staternents are executed) in a program 

evaluates to m e  in at least one test case, and also evaluates to false in at 

least one other test case. This ensures that each branch in the program is 

travened in both directions at least once, and that al1 reachable statements 

in the program are executed at least once. (There should be no 

unreachable code in a program. This technique also helps students to 
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notice when unreachable code is caused by one or more conditions that 

can never evaluate to true or false.) 

The test cases are generated with the help of a Truth Table containing "T' 

(true) and "F' (false) values. The purpose of the Tmth Table is to track 

whether each condition evaluates to true or false in each test case. The 

steps are as follows. 

(1.1) IdentiQ al1 conditions in control statements [e.g. statements 

containing constmcts such as while, ij; do while, nvirch, for etc]. A 

condition can be a cornparison (e.g. "x < y"), a boolean variable, or any 

other expression that results in a boolean value. Number the conditions 

arbitrarily as c,, c ,  c,, ....... etc. representing conditions 1, 2, 3, ....... etc. 

If two or more sub-conditions combine together with logical operators e.g. 

'11' (or), '&&' (and), to form a more complex condition, then each of the 

sub-conditions should be numbered. 

Consider the program in Figure 3.1. The conditions in main are: counter 

<= 10 ("c,"), grade = = 'A' ("g"), grade = = 'B' ("c,"), grade = = 'C' 

("c,"), and grade = = 'D' ("c, "). 

For the method CaiculateAverage, the conditions are numbered as shown 

in Figure 3.1, Le. (Total <= 10) && (Total >= 1) is numbered as c, a d  

the sub-conditions are numbered as c,, and c,.~, and Total < O is "c,". 



(1.2) Prepare an empty Truth Table with the numbered conditions written 

dong the vertical axis (one row per condition or sub-condition). Each 

column represents a test case. Columns are added to the table as new test 

cases are identified. Table 3.1 shows the layout of the table, when no test 

cases have yet been generated. 

Table 3.1 Fonnat of the table in Step 1.2 

Condition 

Cl: 

(counter <= 10) 

Cz: 
(grade = = 'A') 

c3: 
(grade = = 'B') 

Ca: 
(grade = = 'C') 

Cs: 
(grade = = 'D') 

c,: (Total < = 
10) && 

(Total >= 1) 

C6.1: 

Total < = 10 

C6.2: 

Total >= 1 

c,: Total < O 



0.3) Delete the conditions for which no test case can be generated. 

Conditions whose evaluation can never be af%ected by user input do not 

give rise to new test cases. For example, c, in Figure 3.1 (counter <= 10) 

cannot be affected by user input. It will always evaluaie to True ten times 

and False on the eleventh evaluation. Delete c, fiom Table 3.1. 

Derivine case (11 lsteos 1.4 and 1.51 

(1.4) Determine the truth of the first condition.. In general, the choice of 

''l'nie" or "Fa1se"is of little importance since if "True" is selected, a 

subsequent test case will test "False". If possible, select input values that 

represent "typical" progam execution, and are devoid of unusual or seldom 

seen input. For instance in Figure 3.1, c2 (grade = = 'A') can be either tme 

or false the first time it is evaluated, depending on the first lener grade 

entered. So start by setting it to be tme, in the first column of the mith table 

(shown in Table 3.2). 

An entry in the truth table (which can be "T", "F" or "-0") specifies 

that this condition evaluates to this entry at some point during the execution 

of the test case, as a result of user input. A "-" means the condition is 

executed zero t h e s  duruig this execution. A "Tm means "tnie at some 

pointw during this execution, etc. Consider the while loop in Figure 3.1. If 

we enter "F" for "state=lW in Figure 3.3, there is no problem. Even though 

this condition must be "T" the fust time it is executed, we can certainly 



spec@ a set of input values that will result in the condition being false at 

some point. (In fact, it must become false at some point or it is an infinite 

loop) Aiso, a "T" in the table means this condition must be tnie at some 

point because of user input. In other words, the first value entered for p 

must be other than 6 so state will remain as 1 at least once as a result of 

user input. 

i n t  s t a t e  = 1; 
i n t  p = 5; 

while ( s t a t e  == 1) 
I 
Systern.out.println("Enter the v a l u e  of p H ) ;  

s t a t e  = 0; 

! 
s t a t e  = 1; 

I 

i Figure 3.3 A sample program segment to illustrate the features 
1 imrnediately (i) and eventzroliy (e) for loop conditions. 1 

(1.5) The choice of tnie or false for one condition c m  impose 

restrictions on the entries for subsequent conditions in the same colurnn of a 

Truth Table. For instance, if we defuie a test case where c, is tme for al1 ten 

loop iterations (i.e. ten 'A' grades are entered), then c, c, and c, are not 



executed and thus are each assigned "-" (meaning "not applicable"). 

Similarly, if "True" is selected for c, in a given column of the Tmth Table, 

then c,., and c,, mut each be "True" and c, must be false in the same 

column. Set al1 rernaining conditions in the f ~ s t  column of the table to be 

true, false or "-'' dlowing for dependencies on previously-set conditions 

where necessary. As with the fint condition, select "typicai" values where 

possible. 

Table 3.2 Truth table for the program in Figure 3.1. 

Condition 

grade = = 'A' 

c,: 

c,: (Total <= 10) 
&& 

(Total 1) 

C6. 1 : 
Total <= 10 

- 

C6.2: 

Total >= 1 

$1 
Total < O 



Derivinp the subseauent cases 

The remaining sub-steps add columns (i.e cases) to the tmth table until 

every condition has both "True" and "False" in the row for that condition. 

(1.6) Select a condition that does not yet have both "True" or "False" in 

the row for that condition. Add a new column to the table. Insert either 

"True" or "False" into the new column for this condition, whichever has not 

already been assigned. Mark the newly inserted value to indicate tliat the 

purpose of this test case is to force evaluation of the condition to this value. 

(Parentheses are used to mark such values in Table 3.2). For example, in 

Table 3.2, since condition 2 is m e  in case (l), it is set to false and is 

marked with parentheses in case (2). 

(1.7) Set the remaining tmth values in the new column as described in 

step 1.4. Any ûuth values that appear for the first time in a row are marked. 

(1.8) Repeat steps (1.6) and (1.7) until each condition has both "True" and 

"False" in its row. 



(1.9) Selecting test case data: For each test case identified in the tnith 

table (Le. each column), detennine the program input(s) that force the 

conditions to evaluate as indicated in the table for that test case. For each 

case insert a new row in the table of test cases (Table 3.3). Base the 

description of the test case on the types of inputs required, and select 

specific input values to insert in the "Test Input" column. For instance, for 

selecting input test case data for the cases illustrated in Table 3.2, consider 

the fnst test case. Grades A, A, A, 4 A, A, A, A, A, A represent one 

possible set of input values force conditions c, to be hue and conditions c, 

through c, to be false. So grades A, A, A, A, A, A, A, A, A, A are chosen 

as inputs for test case1 in Table 3.3. The input values for the other cases are 

selected in a similar fashion and are listed in Table 3.3. 

Analysis of the case (6) in Table 3.2 shows that that no input 

to main will result in Total < O (i.e. condition c,) to become "Tnie". In other 

words, the segment of code, if (Total < O) in Iine 48 of Figure 3.1 is 

wireachable (based on main). Therefore, there is no test case listed in Table 

3.3 corresponding to case (6) of Table 3.2. This is a typical programmer 

error. 



Table 3.3 Test Case Table for recording test cases generated in 
Stage 1 for the program in Figure 3.1. 

Input Expec- 
ted 

result 

Actual 
resul t 

Test 
case 

Stage 
1 

1 

1 

2 

3 

L 

4 

5 

Description 

When the 
grades are dl 

A's. 

ten A's average 
= 4.0 

average 
= 4  

When the 
grades are al1 

F's. 

ten F's average 
= 0.0 

average 
= O  

M e n  the 
grades are al1 

B's. 

ten B's average 
= 3.0 

average 
= 3 

When the 
grades are al1 

C's. 

ten C's average 
= 2.0 

average 
= 2 

- .  . 

ten D's When the 
grades are al1 

average 
= 5 

average 
= 1.0 

D's. 

Comparing the actual result to the expected result in cases 1-4 

in Table 3.3, it can be seen that although the actual and expected values 

look similar, but they are not the same. The expected values suggest that 

there should be significant digits displayed d e r  the decimal point, but the 

actual values do not display those significant digits. It would be more clear 



as we proceed with the latter stages that the program has a significant 

problem of not displaying digits after the decimal point. It should be noted 

at this point that although al1 the test cases 1 through 4 in Table 3.3 detect 

enors, they apparently occur due to a single prograrnming error. 

Discussion: 

Stage 1, to some extent, falls under the general notion of 

condition testing [Pre92] developed for testing of procedural programs. 

Although the use of flow graphs has been suggested for condition testing in 

the literature [Pre92, DeM76 ] for conventional testing, such graphs suffer 

fiom (i) the complexity involved in drawing hem, (ii) the time involved, 

and (iii) the steps that should be followed to draw them and the way the test 

cases c m  be generated. Stage I overcomes these limitations by providing a 

clear step-by-step procedure as an alternative to drawing flow graphs. The 

proposed approach utilizes the construction of tnith tables, in detemining 

the tnith of al1 the conditions in a piece of code under test. 

The choice of notation for representing conditions in Step 1.2 

does not have any impact on the overall testing process. Other similar 

notations can be substituted if desired. However, this notation for 

representing conditions seems to be simple to use. This notation is used in 
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Chapter 5. 

The üuth tables for 'AND', 'OR', 'EXOR', used in Step 1.2 to 

determine the tnith of composite conditions, are provided in Tables B. 1, 

B.2, B.3 (appendix B). 

Table 3.3 does not list al1 the test cases. I t  only provides an 

illustration of how to maintain testing information in real examples. This 

table can similarly be extended for the remaining stages, as shown in the 

latter sections of the chapter. 

Stage II 

This stage maidy identifies errors that are detected by equivalence 

partitionhg [Pre92, DeM761 and boundq  value analysis [Pre92, DeM761. 

The approach involves deriving test cases based on specifications, by 

c1assifjk-g the input domain of the program under test into different 

categories with special emphasis on analyzing their boundaries (as there is a 

greater tendency of errors to occur in the boundaries). 

(II. 1) IdentiQ al1 input values fiom the specifications. 

In the example specification for Figure 3.1, the input is grade. 
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(n.2) Consider each input. 

If the vaiid values for an input fa11 within a 

r a n s  design test cases that would exercise the 

conditions arising when the input is slightly less 

than, equal to and slightiy greater than the 

extreme values in the range. (For more 

clarification see the example below). 

If the input represents a set of discrete values, 

develop test cases that use the minimum, 

maximum, an intermediate value and if possible 

an invalid value. 

If the input under consideration is a set of input 

values e.g. when the program accepts a series of 

numbers or a series of names, test cases can be 

considered to v q  the QUANTITY of values 

provideâ, rather than just the values themselves. 

For example the minimum and maximum 

number of values, quantities on either side of 

minimum and maximum, and minimum 1 

maximum (& close to) number of valid values 

(that is, vary the quantity of invalid values 
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strewn among the valid ones). 

If  the input can be either classified as boolean 

or that behaves as a boolean, then this is a 

special case of a range that includes only two 

possible values (e.g. "true" or "false", "North" 

or "South"). Develop two test cases for this 

input, one for each possible value. 

Note: it is not being claimed that the inputs categories 

described above represent the only categories possible. 

However these represent some of the cornrnonly 

occuning categories of input values with which it is 

possible to define specific types of test cases that have 

a good chance of detecting errors. Based on the ideas 

presented in this stage, if there is a new category of 

input value that a student encounters and if he/she 

thinks it necessq  and feasible (in terms of time and 

eEort required for a particular stuùent assignment) to 

apply the technique with that input, the student is free 

to do so. R e c d  that it is neither necessary nor always 

possible to test exhaustively. n i e  input categories 
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considered above represent simple types of input data. 

in the example specifications in Figure 3.1, the input is a set of 

grades that can have valid values of A, B. C, D and F. The test cases for 

these values when al1 the grades have valid values and are the same have 

already been covered in Stage 1, and are thus omitted. However test cases 

should be considered where there are invalid grades strewn arnong the valid 

ones. The nurnber of invalid grades can vary fiom O (Le. al1 valid) to 10 (Le 

none valid). Tiuee cases generated are shown in Table 3.4 



Table 3.4 Test Case Table for recording test cases generated in 
Stage II for the program in Figure 3.1 (extension of Table 3.3). 

Test 
case 

Stage 
n 

Description 

When the 
grades are 
ail invalid 

A mixture of 
valid and 
invalid 

grades (6 
valid and 4 

inval id) 

When none 
of the grades 

is invalid 

Input 

ten 
P ' s 

Expected 
result 

Ten error 
messages 
for wrong 
input and 

no average 
calculated* 
- - -- - - - - 

Four error 
messages 

for the 
incorrect 
grades. 

average = 
2.0 

average = 
2-2 

Actual 
result 

average 
= O  

-- - 

average 
= 1 

average 
= 2 

Error(yes 
1 no) ? 

Note: In case 6 in Table 3.4, when all the grades are invalid, the average 

becomes "zero/zero" and cannot be calculated. It may be possible that the 

specifications provided is incomplete. in such cases the students should 

make a cornmon sense assumption about how the program should work in 

the ornitted instances, program with this as the goal and test against it. Ln 



this example the student might assume that after the ten messages for 

invaiid inputs ifnumber of vaiid grades is O, then do not caiculate and 

instead print a message that no valid grades have been received and 

therefore no average can be caiculated. 

Discussion: 

Whereas the steps involved in Stage 1 are designed to detect errors 

in conditional staternents, the steps in Stage II are targeted to yield errors 

that get detected by the traditional techniques of equivalence partitioning 

and boundary value analysis [Pre92]. The test cases in Stage 1 are derived 

fiom the analysis of code, whereas the test cases in Stage II are derived 

fiom specifications. 

As there is no direct dependence between Stages I and II, Stage 

II may be omitted if the tester wishes to simplify the approach for a given 

testing exercise. 

Staae KI 

This stage is designed to generate test cases for special values that could 

lead to knproper functioning of the program. 



(III. 1) Test the prograrn for special values for inputs as discussed below. 

Although the range of special values varies, the common example of special 

values are zeros, blanks, and nulling values [Abb86]. 

1 )  If an operation can involve division by an expression 

whose value can be zero, develop test cases explicitly for this case. 

For example consider the program segment in Figure 3.3. 

a a 

i n t  t, P; 

Figure 3.4 Sample prograrn segment to 
illustrate Stage III. 

A test case should be developed for t = O, since tliis input 

value makes the expression in the denominator zero. 

For the example in Figure 3.1, if dl input grades are invalid, 

both total of valid grades and number of valid grades are zeroes 
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and the average cannot be calculated. This particular case is 

considered in case 6 in Table 3.4 and is thus omitted in this stage. 

(m. 1.2) Consider each input. If any input can assume values 

zero or blank or some other special value as 'NIL', 'NULL', 

develop explicit test cases as those special values as input. [Note: 

n i e  special values mentioned above are some of the comrnon ones, 

however the tester has to decide what can be a special value in a 

particular program]. 

Table 3.5 Table for aiahtainhg testing information for 
Stage III (extension of Table 3.4) 

Test 
Case 

Stage 
III 

Descrip- 
tion 

Special 
value: 
when 

grades are 
al1 invalid 

Input 

ten P's 

Expec- 
ted 

Resul ts 

Actual 
Resul ts 

Error 
(yes/ 
no) ? 

** -21%: Already covered in case 6, Table 3.4 and is thus omitted 



fiom fiirther consideration. 

Discussion: 

The motive behind inclusion of the steps in stage III is 

that they provide testing against special values in a piece of 

software. Experience has shown that exceptional input values often 

uncover errors, sometimes when more typical input values do not. 

This stage is not dependent on the earlier stages 1 and II, thereby 

offering the tester the flexibility of ornitting this stage if desired. 

Abbott [Abb86] suggested testing against special values, 

but his reference does not clearly delineate the steps of the 

procedure. The proposed approach offers distinct sieps that 

incorporate special values inio test cases, which is particularly 

relevant for an approach for students because students quite often 

commit mistakes of not c o n s i d e ~ g  special cases while writing 

their prograrns. Therefore havhg an approach that provides 

guidelines to detect such errors is usehil. 



Stage IV 

Stages 1 to iII focus on test cases aimed at "pushing the 

limits" of the software being tested. By focusing on "exceptional" 

test cases, these steps run the risk of ornitting an important ciass of 

input data, narnely the "typicai" case. A common strategy in testing 

commercial software is to provide achial data to the system. 

Examples might hclude data for actual employees (for a payroll or 

human resources application) or data for actual customers and sales 

transactions (say, for an accounting application). If a course 

instmcior can make such data available for student assignments, 

one or more test cases should be added to the test plan to provide 

this test data as input to the program. 

In many situations, especially in an educational 

setting, real data rnay be unavailable. In such instances, one or 

more test cases should be added to the test plan with contrived 

input data that the student considen to be representahve of a 

typical case. (It is also possible that a test case generated during the 

fmt three stages may already cover such a case.) 

The need for Stage IV is illustrated by the example test 
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cases developed so far for the program in Figure 3.1. The cases 

generated during the fmt t h e  phases of main( ) only involve 

input of ten values, each of which is the same grade (e.g. ten A's or 

ten B's). A more "typicai'' test case might involve a variety of 

different grades. The test case shown in Table 3.6 is such a case. 

Table 3.6 Table for maintaining testing information for 
Stage N (extension of Table 3.4) 

Test 
Case 

r 

Stage 
IV 

L 

*** 

Descrip- 
tion 

Typical 
case: 

when the 
grade is a 
combina- 

tion of 
typical 
grades. 

Input 

*** Note: Already covered in case 8, Table 3.4 and is thus omitted 

fiom furthet consideration. 

Expec- 
ted 

Resul ts 

Actual 
Resul ts 

Error 
(Y es/ 
no) ? 



Chapter 4 

FURTHER EXAMPLES 

This chapter illustrates the testing approach discussed in Chapter 3 with 

sample Java programs that are representative of typical assignrnents for lower-level 

undergraduate Java courses. Examples are chosen to illustrate various aspects of the 

proposed approach. In the examples, mostly those feahires that illustrate aspects of 

the approach that have either not yet been illustrated or that require further 

clarification are highlighted. Minimizing the number of test cases or determining al1 

possible test cases is not intended. As with the earlier examples, ody test case 

generation and the possible data that enables the test case to get executed are shoivn. 



4.1 Example 1 O a t e  and Em~loyee) 

This example is adapted fiom Deitel Pei981 with small modifications to better 

illustrate the approach. The program specification and Java code are listed in 

Appendix A, section A.1. This example illustrates a class dependency due to 

composition. The exarnple uses three classes (i) Date, (ii) Employee, and (iii) 

EmployeeTest. Class 'Date' consists of a constnictor which confms that month has 

a proper value and calls method 'checkDay' to c o n f i  proper value of day based on 

month and year. Classes 'Employee' and 'Date' illustrate classes as other object 

memben, leading to composition. Apart fiom the instance variables 'firstName' and 

'lastName', class 'Employee' uses members 'birthDate' and 'hireDate' which are 

'Date' objects, containing instance variables 'month', 'day' and 'year'. The 

constnictor 'Employee' takes the arguments 'mame', '1Name' (the first and last narne 

of the employee), 'bMonth', 'bDay', 'bYear' (the month, day and year of birth of the 

employee), 'Month', 'hDay' and 'hYear' (the month, day and year of hiring of the 

ernployee). Of these arguments 'bMonth', 'bDay' and 'bYear' are passed to the 

constnictor 'birthDate' and the arguments 'Wonth', 'hDay' and 'hYear' are passed 

to the %ireDate' constnictor. This exarnple also presents an interesting situation for 

test case generation (discussed laîter in stage [) in lines 37 through 64 of method 

'checkDay'(See section A. 1 of Appendk A) which contains complex composite 



conditions. n i e  approach for handling these complex conditions is discussed below 

as part of Phase 1. 

Determinina test cases. 

Table 4.1 shows the test cases that are derived in the discussion that follows. 

The table is created one row at a tirne as each test case is generated. Recall 

that optimization of the number of test cases is not being considered in this 

thesis. 

Deriving cases 1 to 7 in the Table 4.1 : 

Stace 1 

Consider the program in Section A. 1, Appendix A. 

(1.1) The condition in constnictor Date is ((mn > 0) && (mn <= 12)) 

and is numbered c, and the sub-conditions in it are numbered as: 

mn > O ("c,.,") and mn c l 2  ("c,,") [Refer Section A. 1, 

Appendix A]. 

The conditions in checkDay( ) are shomi in lines 45-46 and 

49-55 in Figure 4.1 and are (i) testDay > O ("cJ, 

(ii) testDay <= daysPerMonth[month] ('&"), (iii) month = = 2 

("cl-t "), (iv) testDay = = 29 ("cJ, (v) year % 400 = = O ("c,,"), 
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(vi) year % 4 = = 4 ("c,,"), (vii) year % 100 != O ("c~,"). 

teturn testDay; .Y< 

ik 

css 
year % 4 - 0 && year % 100 I= . 

0 )  1 1 

Figure 4.1 Section of code fiom method checkDay, 
Section A. 1, Appendix A. 

(1.2 & 1.3) A Tmui Table containhg different cases is prepared as shown 

in Table 4.1. The entries for the columns are initially empty and 

each colurnn is filled up as new cases are generated by steps 1.4 

through 1.8. 



Table 4.1 Truth Table obtained in Stage 1 for the program in 
Section A. 1, Appendk A. 

Condition 

c,,: mn < 12 

c*: 
(testDay > O) && 
(testDay<= 
daysPerMonth[month]) 

c,: month = = 2 && 
testDay = = 29 && 
(year%400 = = O II 
(year%4==0&& 
(year % 100 ! = 0))) 

c,., : month = = 2 

c3.5: 

year % 100 ! = O 



Deriving case 1 

(1.4 & 1.5) 

The ûuth of conditions clml and c,., in Figure 4.1 c m  be either "True" 

or "False". It is started with 'bTrue" in this example. However, one 

could start by making it "False". Since the sub-conditions c,., and c,, 

are "True" to begin with, condition c, will also be "Tme" since 

condition c, comprises of two sub-conditions joined by an 'AND' (&&) 

operator. Similarly, sub-conditions -, and 4, and condition c2 are 

made 'Truc". Depending on the truth of the conditions c,, c,.,, cl.,, 

c2,, and czz the truth of the subsequent conditions is obtained as 

discussed below. From the program logic it is evident that if testDay 

= = 29, month = = 2, and the year is a leap year, condition c, instead of 

condition c2 is executed. Therefore, if condition c, is "True", condition 

C? is "False" and vice-versa. [If month = = 2 and testday = = 29, testday 

<= daysPerMonth [month] is "False"]. Hence, make a11 the conditions 

DeriMnn case 2 

(1.6 & 1.7) 

The second case is obtained by changing the ûuth of condition c, to 

"False", since the same condihon was made "True" for obtaining 



case 1. 

The truth of condition cl is parenthesized in case 2, since the truth 

value occurs for the fust time in its row. Since condition c, is "False", 

either of the conditions cl., or cl, should be false (since conditions clml 

and c,, are joined by an 'AND' (&&) operator. Therefore condition c:., 

is made "False" whereas condition cl., is kept True". Since the tmth 

of condition c , . ~  occurs for the fust time in its row, the truth value is 

parenthesized. The truth values of the other conditions are kept 

undtered from case (1). 

Obtainine, case 3 

To obtain case 3, select a condition that does not yet have both "True" 

and "False" in a row for that condition. Condition cl., is such a 

condition with oniy truth value "True". Add a new column (case 3) to 

Table 4.1. The ûuth of condition cl, is changed to "False" and the 

truth of condition is made "False". This makes the tmth of 

condition c, "False", since condition cl comprises of two sub- 

conditions cl., and cl.,, joined by an 'AND' operator. The truth of other 

conditions are kept the same. 



Obtaining the remaininn cases 

The above procedure is continued until every condition has both "True" 

and "Faise" values and a satisfactory nurnber of test cases is obtained. 

The rernaining cases obtained are shown in Table 4.1 

(1.9) Following are the data which would execute the test cases 

determined before Table 4.1 . The test case data are obtained in 

a sirnilar way as explained in Step 1.9 for the example of Chapter 3 and 

thus the details are omitted. For each case in Table 4, i a row is inserted 

in Table 4.2. 

Test case data: 

The data that executes cases 1 to 7 of Table 4.1 (Truth Table) 

correspond to test cases 1 to 7 of Table 4.2 (Table of test cases). 



Table 4.2 Test case information for Exarnple A. 1 for Stage 1 

Test 
case 

Stage 
1 

Description 

When the month 
value lies between 
1 and 12, the day 
value lies between 

zero and the 
maximum number 

of days in a 
month and the 

year is not a leap 
Year 

When the value of 
monih is > 12, 

whereas the other 
conditions remain 
the same as case 

1. 

Input 

fName = 
"Bob", lName 

= "Jones7', 
bMonth = 3, 
bDay = 20, 

bYear = 1971, 
hMonth = 4, 
hDay = 21, 

hYear = 1991 

marne = 
"Bob", IName 

= "Jones", 
bMonth = 13, 
bDay = 20, 

bYear = 1971, 
Month = 13, 
hDay = 21, 

hYear = 1991 

Expected 
result 

Jones, Bob 
Hired: 

4/2 1/ 199 1 
Birthday : 
3/2O/l97 1 

Month 13 
invalid Set 
to month 1. 
Jones, Bob 

Hired: 
1/2 1 
B irthday : 
1/20/ 197 1 

Actual 
resul t 

Jones, Bob 
Hired: 

4/2 1/ 199 1 
Birthday : 
3/SO/l97 1 

Month 13 
invalid Set 
to month 1. 
Jones, Bob 

Hired: 
1/2 1/ 199 1 
Birthday : 
1/20/ 197 1 



Table 4.2 (continued) 

- 
Test 
case 

- 
3 

- 
4 

- 
5 

- 

Description 

M e n  the month is 
non-positive, 

whereas the other 
conditions remain 
unaltered fiom that 

of case 1. 

When the month 
value is valid, the 
year is not a leap 

year, but the value 
of day is non- 

positive 

M e n  the value of 
month is valid, the 
year is not a leap 

year, but the value 
of day is greaier 

than the maximum 
number of days in a 

particular month. 

Input 

fName = 
"Bob", IName 

= "Jones", 
bMonth= -1, 
bDay = 20, 

bYear= 1971, 
hMonth = -1, 

hDay = 21, 
hYear = 1991 

Name = 
"Bob", lName 

= "Jones", 
bMonth = 1, 

bDay = 0, 
bYear = 197 1, 
Month = 1, 

hDay = O, 
hYear = 199 1 

fName = 
"Bob", lName 

= Yones", 
bMonth = 1, 
bDay = 32, 

bYear = 1971, 
hMonth= 1, 
hDay = 32, 

hYear = 1991 

Expected 
result 

-- -- - 

Month -1 
invalid. 
Set to 

month 1. 
Jones, 
Bob 

Hired: 
1/21/1991 
Birthday : 
11201197 1 

Day O 
invalid.Set 
to day 1. 
Jones, 
Bob 

Hired: 
l/ l /  199 1 
Birthday : 
1/1/1971 

Day 32 
invalid.Set 

to day 
1. Jones, 

Bob 
Hired: 

1/1/1991 
B irthday : 
If W97l 

Actual 
resul t 

Monîh - 1 
invalid. 
Set to 

month 1. 
Jones, 
Bob 

Hired: 
1/2 111991 
Birthday : 
l/2O/l!V 1 

Day O 
invalid.Set 
to day 1. 
Jones. 
Bob 

Hired: 
l / l l lW 1 
Birthday : 
V l / W  1 

Day 32 
invalid.Set 

to day 
1. Jones, 
Bob 

Hired: 
1111199 1 
Birthday: 
l/ l / lW 1 

Error 
(Y es/ 
no) ? 

no 

no 

no 



Table 4.2 (continued) 

Test 
case 

Description 

When the value of 
month and day are 
valid, the month is 
February, the year 

is a leap year and is 
divisible by 400. 

When the value of 
month and day are 
valid, the month is 
Febniary, the year 

is a leap year, but is 
not divisible by 

400, but divisible 
by 4 and not 100. 

Input 

marne = 
"Bab", lName 

= "Jones", 
bMonth = 2, 
bDay = 29, 

bYear = 2000, 
Month = 2, 
hDay = 29, 

hYear = 4000 

fNarne = 
"Bob", lName 

= "Jones", 
bMonth = 2, 
bDay = 29, 

bYear = 1936, 
month = 2, 
hDay = 29, 

hYear = 1996 

Expected 
resutt 

Jones, 
Bob 

Hired: 
2/29/4000 
Birthday : 
2/29/2000 

Jones, 
Bob 

Hired: 
2/29/ 1996 
Birthday : 
U N  1936 

Actual 
result 

Jones, 
Bob 

Hired: 
2/2 9/4OOO 
Binhday : 
2/29/2000 

Jones, 
Bob 

Hired: 
2/29/ 1996 
B irthday : 
2/29/1936 



S t a d  

(II. 1) The input values to the program are fmt name, last narne, birth 

date (i.e birth day, binh month, and birth year) and hire date (Le hire 

day, hire month and hire year). 

(11.2) Consider birth day and death day. The valid values of birth 

day and hire day should lie between I and 3 1. 

Similarly, the vdid values of birth and hire rnonth should lie behveen 

1 and 12, that of birth and hire year should be non-negative. 

Possible test cases that can be generated are: 

(i) birth month = 1, (ii) bhth month < 1, (iii) birth month > 1, 

(iv) birth month < 12, (v) birth month = 12, (M) birth month > 12, 

(vii) hire month = 1,  (viii) hire month < 1, (ix) hire month > 1, 

(x) hire rnonth < 12, (xi) hire month = 12, (xii) hire month > 12, 

(xiii) binh day = 1, (xiv) birth day < 1, (xv) birth day > 1, 

(mi) bicth day < 3 1, (xvii) birth day = 3 1, (xviii) birth day > 3 1, 

(xix) hire day = 3 1, (xx) hire day c 3 1, (xxi) hire day > 3 1, 

(xxii) birth year = O, (xxiii) birth year < O, (xxiv) birth year > O, (xxv) 

hire year = O, (xxvi) hire year < O, (xxvii) hire year > O . 
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The valid fint and 1s t  names represent strings and test cases are 

generated so that the sîxi~~gs are empty, have one character, or have a 

large number of characten. Possible test cases are (i) last narne = '"', 

first name = "", (ii) last name = "a", fust name = "b", (iii) last name = 

"abcdefgh~klmnopqrstuvwxyzabcdefghjklmn~pqtstuvwxyz~~, first 

name = "abcdefghijklmnopqntuvwxyz abcdefghijklmnopqrstu~~~yz~'. 

The test cases generated by the above steps with the values that 

executes the above test cases are shown in Table 4.3. 

Table 4.3 Table of test cases for Example A. 1 for Stage II 
(Continuation of Table 4.2). 

- - 

1 
- - - - -- - 

Test Description 
case 

Input 

marne = Bob, 
Name = Jones, 

bMonth = 1, bDay 
= 2, bYear = 1971, 
hMonth = 2, hDay 
= 2, hYear = 199 1 

Expected 
result 

Jones, Bob 
Hired: 
1/2/1991 
Birthday : 
1/2/197 1 

Actual 
result 

Error 
(Y es/ 
no) ? 

Jones, Bob 
Hired: 

1/2/1991 
Birthday : 
1/2/197 1 

no 



Table 4.3 (continued) 

Test 
case 

Description 

birth month 
< 1 

birth month 
> 1 

birth month 
= 12 

Input 
-. -- 

Expected 
resul t 

Actual 
resul t 

E r r o r  
(Y es/ 
no) ? 

mame = Bob, 
Name = Jones, 

bMonîh = 
-1, bDay=2, 
bYear = 1971, 

hMonth = 2, hDay 
= 2, hYear = 1991 

Month - 1 
invalid. Set 
to month 1. 
Jones, Bob 

Hired: 
2/2/1991 
Birthday: 
1/2/1971 

Month - 1 
invalid. Set 
to month 1. 
Jones, Bob 

Hired: 
2/2/199 1 
Birthday : 
l / î / lW 1 

fName = Bob, 
Narne = Jones, 

bMonth = 
2, bDay = 2, bYear 
= 197 1, hMonth = 
2, hDay = 2, hYear 

= 1991 

Jones, Bob 
Hired: 

2/2/ 199 1 
B irthday : 
12/2/1971 

Jones, Bob 
Hired: 

Z2/l99 1 
Birthday: 
UV197 1 

£Name = Bob, 
marne = Jones, 
bMonth = 12, 

bDay = 2, bYear = 
1971, hMonth = 2, 
hDay = 2, hYear = 

199 1 

Jones, Bob 
Hired: 
Uî/ 199 1 
B irthday : 
lUU1971 

Jones, Bob 
Hired: 
U2/ 199 1 
Birthday : 
12/2/ 197 1 



Table 4.3 (continued) 

- 
Test 
case 

Description Input Expected 
result 

Actual 
result 

birth month 
< 12 

birth month 
> 12 

fNarne = Bob, 
lName = Jones, 

bMonth = 
11, bDay = 2, 
Wear = 1971, 

hMonth = 2, hDay 
= 2, hYear = 1991 
-- - 

marne = Bob, 
lName = Jones, 

bMonth = 
13, bDay = 2, 

, bYear=1971, 
' hMonth = 2, hDay 
= 2, hYear = 1991 

Jones, Bob 
Hired: 

î/2/l99 1 
B irthday : 
1 Il21197 1 

Month 13 
invalid. Set 
to month 1 
Jones, Bob 

Hired: 
2/21 199 1 
B irthday : 
1/2/1971 

Jones, Bob 
Hired: 

U2/l99 1 
Birthday : 
1 lIUl97 1 

Month 13 
invalid. Set 
to month 1 
Jones, Bob 

Hired: 
2/2/ 199 1 
Birthday : 
l/S/lW 1 

-- -- 

hire month 
= 1 

£Name = Bob, 
lName = Jones, 

bMonth = 2, bDay 
= 2, bYear = 1971, 
hMonth = 1, hDay 
= 2, hYear = 199 1 

Jones, Bob 
Hired: 

1/2/ 199 1 
Birthday : 
2/2/197 1 

Jones, Bob 
Hired: 

1121199 1 
Birthday : 
2/2/ 1 97 1 

Error 
(yesl 
no) ? 

no 

no 

no 



Table 4.3 (continued) 

- 
Test 
case 

15 

16 

Description Input Expected 
result 

hire month 
< 1 

fName = Bob, 
lName = Jones, 

bMonth = 
1, bDay = 2, bYear 
= 1971, hMonth = 

-1, hDay = 2, 
hYear = 1991 

Month - I 
invalid. Set 
to month 1. 
Jones, Bob 

Hired: 
11 2/1991 
B irthday : 

, 1/2/1991 

hire month 
> I 

Name = Bob, 
lNme = Jones, 

bMonth = 
2, bDay = 2, bYear 
= 197 1, hMonth = 
2, hDay = 2, hYear 

= 1991 

Jones, Bob 
Hired: 

U U W  1 
Birthday : 
2/2 197 1 

hire month 
= 12 

Marne = Bob, 
Name = Jones, 

bMonth = 2, bDay 
= 2, bYear = 197 1, 

hMonth = 12, 
I hDay = 2, hYear = 

1991 

Jones, Bob 
Hired: 

12/2/1991 
Birthday : 
2/2/ 197 1 

Actual 
result 

- -  

Month - 1 
invalid. Set 
to month 1. 
Jones, Bob 

Hired: 
11 21199 1 
Birthday : 
1/21 199 1 

Jones, Bob 
Hired: 

2/21 1 99 1 
Birdiday : 
212197 1 

Jones, Bob 
Hired: 

lZ/2/l99 1 
Birthday : 
2/2/ 197 1 

Error 
(y es/ 
no) ? 



Table 4.3 (con tinued) 
- 
Test 
case 

- 
18 

- - 

Description 

hire mont' 
< 12 

hire month > 
12 

birth day < 1 

Input 

£Name = Bob, 
Name = Jones, 

bMonth = 
1, bDay = 2, 

bYear = 1971, 
hMonth = 1 1, 

hDay = 2, 
hYear = 199 1 

Marne = Bob, 
lNarne = Jones, 

bMonth = 
2, bDay = 2, 

bYear = 1971, 
hMonth = 13, 

hDay = 2, 
hYear = 199 1 

fName = Bob, 
lName = Jones, 

bDay = -1, 
bMonth = 1, 

bYear = 1971 
hDay = 2, 

hMonth = 1, 
hYear = 199 1 

Expected 
resul t 

Jones, Bob 
Hked: 

1 llU1991 
Birthday : 
I/2/ 197 1 

Month 13 
invalid. Set to 

month 1. 
Jones, Bob 

Hired: 
112I199r 

B irihday : 
z21197 1 

Month -1 
invalid. Set to 

month 1. 
Jones, Bob 

Hired: 
W1991 

B Ùthday : 
1/1/1971 

Actual 
result 

Jones, Bob 
Hired: 

1 1121199 1 
Birthday : 
1/21 197 1 

Month 13 
invalid. Set 
to month 1. 
Jones, Bob 

Hued: 
1/21 199 1 

Birihday : 
2/2/197 1 

Month - 1 
invalid. Set 
to month 1. 
Jones, Bob 

Hired: 
Yd1991 

Birthday : 
1111197 1 

Error 
(yed 
no) ? 



Table 4.3 (continued) 

- 
Test 
case 

Description 

birth day = 1 

birth day > 1 

hire day < 1 

Input 

fNarne = Bob, 
UlJame = Jones, 

bDay = 1, 
bMonth = 1, 

bYear = 1971 
hDay = 2, 

hMonth = 1, 
hYear = 199 1 

fName = Bob, 
lName = Jones, 

bDay = 2, 
bMonth = 1, 

bYear = 197 1 
hDay = 2, 

Month = 1, 
hYear = 1991 

Marne = Bob, 
lName = Jones, 

bDay = 1, 
bMonth = 1, 

bYear = 1971 
hDay=-1, 

hMonth = 1, 
hYear = 199 1 

Expected 
result 

Jones, Bob 
Hired: 

1/2/1991 
Birthday : 
1/1/1971 

Jones, Bob 
Hired : 

1/2/1971 
Birthday : 
1/2/1971 

Day -1 
invalid. Set CO 

day 1 
Jones, Bob 

Hired: 
1/1/1991 
Birthday : 
111/1971 

Actual 
result 

Jones, Bob 
Hired: 

1/2/1991 
Birthday : 
1/1/1971 

- 

Jones, Bob 
Hired: 

1/21 197 1 
Birthday : 
1/21 197 1 

Day - 1 
invalid. Set 

CO day 1 
Jones, Bob 

Hired: 
1111199~ 
Birthday: 
1111197 1 

Error 
(Y es/ 
no) ? - 

no 

no 

no 



Table 4.3 (continued) 

Test 
case 

Description 

hKe day = 1 

hire day > 1 

hite day = 31 

Input 

fName = Bob, 
Name = Jones, 

bDay = 2, 
bMonth = 1, 

bYear = 1971 
hDay = 1, 

hMonth = 1, 
hYear = 1991 

marne = Bob, 
lName = Jones, 

bDay = 2, 
bMonth = 1, 

bYear = 197 1 
hDay = 2, 

Month = 1, 
hYear = 1991 

Mme = Bob, 
1Name = Jones, 

bMonth = 2, 
bDay = 2, 

bYear = 1971, 
Month = 1, 
hDay = 3 1, 

hYear = 199 1 

Expected 
result 

Jones, Bob 
Hired: 

1/1/199L 
B irthday : 
1/îî1971 

Jones, Bob 
Hired: 

1/2/ 199 1 
Birthday : 
l/2î 197 1 

Jones, Bob 
Hired: 

l/3 l/lWl 
Birthday : 
UZ1971 

Actual 
result 

Jones, Bob 
Hired: 

1/1/1991 
Birthday : 
1121 197 1 

Jones, Bob 
Hired: 

llU1991 
Birthday : 
112/ 197 1 

Jones, Bob 
Hired: 

113 111991 
Birthday : 
ZU1971 

Error 
(yesl 
no) ? 



Table 4.3 (continued) 

- 
Test 
case 

Description 

hire day 
<31 

hire day > 3 1 

birth year = O 

Input 

fNarne = Bob, 
Wame = Jones, 

bMonth = 
1, bDay = 2, 

bYear = 1971, 
Month = 1 1, 
hDay = 20, 

hYear = 1991 

mame = Bob, 
lName = Jones, 

bMonth = 
2, bDay = 2, 

bYear = 1971, 
Month = 1, 
hDay = 32, 

hYear = 199 1 

marne = Bob, 
lNarne = Jones, 

bDay = 2, 
bMonth = 1, 
bYear = O 
hDay = 1, 

hMonth = 1, 
hYear = 1991 

Erpected 
result 

Jones, Bob 
Hired: 

1 1/20/ 199 1 
Birthday : 
1/2/1971 

Day 32 
invalid. Set to 

day 1. 
Jones, Bob 

Hired: 
1/I/l991 
Bùthday : 
2/2/1971 

Jones, Bob 
Hired: 

1/1/1991 
Birthday : 

1/UO 

Actual 
result 

Jones, Bob 
Hired: 

11/20/1991 
Birîhday : 
1/2i1971 

Day 32 
invalid. Set 
to day 1. 

Jones, Bob 
Hired: 
l/l/l99 1 
Birthday : 
2/Ul97 1 

Jones, Bob 
Hired: 

l / l /  199 1 
Birthday : 

1/UO 

Error 
(yed 
no) ? 



Table 4.3 (continued) 

Test 
case 

Description 

birth year < O 

birth year > O 

hire year = O 

Input 

- - - - - - - - 

f N m e  = Bob, 
lName = Jones, 

bDay = 2, 
bMonth = 1, 
bYear = -1 
hDay = 1, 

hMonth = 1, 
hYear= 1991 

Mame = Bob, 
lName = Jones, 

bDay = 2, 
bMonth = 1, 
bYear = 1 
hDay = 1, 

hMonth = 1, 
hYear = 199 1 

Marne = Bob, 
lName = Jones, 

bDay = 2, 
bMonth = 1, 

bYear = 1971 
hDay = 1, 

hMonth = 1, 
hYea. = O 

Expected 
result 

year -1 
invalid. 

Set to year O 
Jones, Bob 

Hired: 
1/1/1991 
Birthday : 

l/l/O 

Jones, Bob 
Hired: 
1/1/1991 
Birthday : 

l/U 1 

Jones, Bob 
Hired: 1/1/0 
B irthday : 
1/2/1971 

Actual 
resul t 

Jones, Bob 
Hired: 

1/1/1991 
Birthday : 

1/U- 1 

- .- 

Jones, Bob 
Hired: 
l/l/lW 1 
Birthday : 

1/21 1 

-- 

Jones, Bob 
Hired: 1/1/0 

Birthday: 
l/U1971 

Error 
(Y es/ 
no) ? 



T i  ble 4.3 (con tinued) 

Test 
case 

33 

l 

1 

34 

Description 

hire year < O 

hire year > O 

When the 
fust and last 
names are 
nul1 strings 

Input 

fName = Bob, 
Name = Jones, 
bDay = 2, 

bMonth = 1, 
bYear = 1971 

hDay = 1, 
hMonth = 1, 
hYear = - 1 

Name = Bob, 
lName = Jones, 

bDay = 2, 
bMonth = 1, 

bYear = 1971 
hDay = 1, 

hMonth = 1, 
hYear = 1991 

Mame = "" 
IName = "" 
bDay = 2, 

bMonth = 1, 
bYear = 1971 

hDay = 1, 
hMonth = 1, 

hYear = 199 1 

Expecteâ 
result 

year - 1 
invalid. Set to 

year O. 
Jones, Bob 
Hired: 1/1/0 

Birthday : 
1/2/1971 

, Hired: 
1/1/1991 
Bituiday : 
lIU1971 

Actual 
result 

Jones, Bob 
Hired: 1/1/-1 

Birthday : 
l/UlW 1 

, Hired: 
1/1/1991 
Birthday : 
1/2/ 197 1 

Error 
(Y es/ 
no) ? 

NQtc: This test case is omitted f?om m e r  execution as it obtains the same purpose 
as Test case 3 1. 



Table 4.3 (continued) 

- 
Test 
case 

- 
35 

Description 

M e n  the 
first and last 
narnes have 
ody one 
character 

each 

When the 
fust and last 
names have a 
large nurnber 
of charac ters 

Input 

marne = WY, 
Name = "c, 

bDay = 2, 
bMonth = 1, 

bYear = 1971 
hDay = 1, 

hMonth = 1, 
hYear = 1991 

f N m e  = 
"abcdefghjklm 
nopqrstuvwxyz 
abcdefghijklmn 
opqrstuvwxyzy', 

Name = 
"abcdefghjklm 
nopqrstuvwxyz 
abcdefghjklmn 
opqrstuvwxyz", 

bDay = 2, 
bMonth = 1, 

bYear = 1971 
hDay = 1, 

hMonth = 1, 
hYear= 1991 

Expected 
result 

-- 

a, bHired: 
1/1/1991 
Birthday : 
l/2/l97 1 

abcdefghijkl 
mnopqrstuvw 

xy= 
abcdefghjki 
mnopqrshivw 

Xyg 
abcdefghijkl 
mnopqrstuvw 

xyz 
abcdefghjkl 

mnopqrs tuvw 
xYz rsb 
Hired: 

1/1/1991 
B irthday : 
llU1971 

Actual 
result 

a,bHired: 
1/1/1991 
Birthday : 
1/2/ 197 1 

abcdefghij kl 
mnopqrstuv 

WXYZ 
abcdefghijkl 
mnopqrstuv 

wxyq 
abcdefghijkl 
mnopqrstuv 

M Y =  
abcde f'hijkl 
mnopqrstuv 

wxyz a,b 
Hired: 

l /  l / lW 1 
Birthday: 
l/2/EV 1 

- 
Error 
(Y=/ 
no) ? 



Staee ITI 

Some of the special values are 

bDay= O, - 1 ; bMonth = 0, - 1 ; bYear = O, - 1, 

hDay=O, -1; hMonth=O, -1; hYear =O, -1  

0, -1  are chosen as special values because day, month or year should always 

be positive. However these test cases do not add to new test cases generated. 

Typical values are when the value of month lies between 1 and 12, value of 

day lies between 1 and 3 1, the value o f  year is non-negative and the first and 

last narnes are non-empty strings. Such test cases are already covered in Stages 

1 and II (e.g. Test case # 25 in Table 4.3). So no special test cases are required 

to test with typical values. 



This program is adapted fiom Lewis [Lew98] and its complete source 

code l i s ~ g  is provided in section A.2 of Appendix A. This program determines 

whether an array contains a value that matches a certain tcirget value. The may is 

sorted in increasing order of the value of the anay elements. The middle elernent 

in the array is selected and is compared to the search key. If the values of the 

middle array element and the search key are found to be the same, the search key 

is found and the value of the index retumed. If they are not the sarne and if the 

search key is greater than the middle array element, the second half of the array is 

considered else the fust half is considered for searching. The above procedure is 

continued for each of the sub-arrays. Finally, when the sub-arrays consist of one 

element that is not equal to the search key, the search key is not found and - I is 

reîumed. 

Thus, the user should provide a search key to the program. If the key is 

found, a message to that effect should be printed dong with the index position of 

the amy in which it is found. If, the key is not found, a message should be printed 



saying so. 

To mark the boundaries of the region still under consideration, the binas, 

search prograrn in Appendix A, Section A.2, uses the integen lefr and right. To 

begin with the fust position in the array (zero) is assigned as left and the last 

position of the array is assigned as righr. The lefl or righi boundaries are updated 

at each iteration. Mien righr is less than lefr, the righr and le/r boundaries cross 

each other, the loop tenninates. The hop may also teminate when the target is 

found [Lew98]. 

Determinina test cases. 

Consider the prograrn in Section A.2, Appendix A. The test cases are 

listed in Table 4.4. 

Stage 1 

O- 1) 

Steps 1.1 for identifjmg and numbering the conditions follow similar 

steps as those of the earlier examples. The conditions are t = = - 1 ("c,"), 

lefi <= right ("Q"), target = = numbers[index] ("q"), target >= 
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numbers[index] ("c,"). The identified control statements are marked in the 

code itself (see lines 22-48, section A.2, Appendix A). 

A truth table is prepared with the conditions written dong the 

vertical axis and the cases to be generated dong the horizontal axis (see 

Table 4.4). To begin with the an empty table is drawn. Thereafter each of 

the columns containing the cases is filled up afler generating them by the 

steps to follow. 

Table 4.4 Tmth table for the program in Section A.2. 

Condition 1 Case (1) 

C, : target = = 
numben[index] 

c,: target >= 
numbers[index] 

(1.4) As show in Table 4.4, condition 1 is t = = -1, which can either 

evaluate to true or false during its execution depending on whether target is 



found or not. To start with condition 1 is made "True". 

(1.5) Since condition 1 is me, fiom the program logic it is evident that 

condition 2 must evaluate to fdse at some point during execution of the 

program. For that value of the index in the while loop, conditions 2 

and 3 will not be executed. 

(1.6 & 1.7) 

The second case is obtained by changing the tmth of condition 1 

in the case (1) to "False". Since condition 1 i.e. t = = - 1 is false, target i s  

found. So the while loop condition must evaiuate to tme at some point 

during execution of the program. Condition 2 is made "True". Since we 

assume in this case that the target is found, condition 3 is "True". Since 

Condition 3 is tme. condition 4 must be false. The tmth values of 

conditions 1,2 and 3 are marked with parentheses, to indicate that the 

purpose of this test case is to force evaluation of those conditions to those 

values. 

(1.8) To generate case 3, the third condition is selected, since it does not 
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yet have both "True" and "False" values. The huth of the third condition is 

changed to "False", whereas the truth of the other conditions are kept the 

same as in case 2. Since the tnith of condition 3 is changed, it is marked 

with a pair of parentheses. 

Derivine: case 4 

To generate case 4, the tnith value of fourth condition is changed 

fiom "False" to "True" (since condition 4 does not yet have a "Tnie" 

value), whereas the truth of other conditions are kept the same as that of 

case 3. 

Selecting test case data 

Consider case 1 in Table 4.4. The values target = 14 and numbers[] = 

(2,3,5, 7, 7, 8 , 9 )  represent one possible set of inputs that would force 

condition 1 to be tme and condition 2 to be false. So target = 14 and 

numbers[] = (2, 3, 5, 7, 7, 8 , 9 )  are chosen as inputs for test case 1 in Table 

4.5. Similarly, target = 7 and numbersn = (2, 3, 5.7, 7, 8,9) would satis@ 

the truth values in case 2. Similarly, the other test case data are selected and 

are listed in Table 4.5. Each row of test case contains a bnef description of 
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the purpose of the test case. 

- 
Test 
case 

Table 4.5 Test cases for Example A.2 generated through Stage 1 

Description 

Left and right 
boundaries 
cross each 

other 

The value of 
target and the 

middle element 
of the array 

under 
consideration 

are equal 

Lefi and right 
boundaries do 
not cross each 
other and the 

value of target 
is geater than 

the midâie 
element of the 

array . 

Input 

target = 14, 
numbers[] = {2,3, 

5, 7, 7,8,9) 

target = 7, 
numbers[] = {2,3, 

5,7,7,8,9)  

target = 3, 
numbers[] = {2,3, 

5 , 7 , 8 , 9 )  

Expected 
result 

Target not 
found 

Target 
found at 
index 3 

Targe t 
found at 
index 1. 

Actual 
resul t 

Target 
not found 

Target 
found at 
index 3. 

Target 
found at 
index 1. 

Error 
(Y e3f 
no) ? 



Table 4.5 (continued) 

Test 
case 

1 

4 

Descript ion 

LeR and right 
boundaries do 
not cross each 
other and the 

value of target is 
greater than the 
middle element 
of the array. 

Input 

-- -- 

target = 8, 
numbers[] = (2,  

3,5,7,8,91 

Expected 
result 

Targe t found 
at index 5. 

Actual 
result 

Target 
found at 
index 5. 

Error 
(yesf 
no) ? 

Stase II 

(II. 1) There are two inputs to the program - target and numben[]. 

(11.2) Target does not generate any new test cases through Stage II. The amay 

numbers[] is an input that can be considered as a set of values. Therefore 

the test cases are developed that execute the extreme values of the anay, 

values on either side of the extreme values of the anay and the test cases 

with a variable quantity of elements in the array (Le the length of the 

array 



Table 4.6 Test cases for Example A.2 generated through Stage II 

Actual 
result 

Description Input Expected 
result 

Error 
(Y& 
no) ? 

- - 

Tasge t 
found at 
index O. 

Search key is 
the minimum 

valued element 
of the array. 

Search key is 
the maximum 

valued element 
of the array 

target = 2, 
nurnbenn = (2, 
3,5,7,8,9) 

Target found 
at index O. 

Target 
found at 
index 6. 

target = 9, 
numbers[] = (2, 
3. 5,7, 7. 8.9)  

Targe t 
not 

found 

Target found 
at index 6. 

Search key is 
just less than the 

minimum 
valued element 

of the may. 

target = 1, 
numbers[] = {2, 

- 

Search key is 
just greater than 

the maximum 
valued element 

of the array. 

Target 
not 

found 

target = 10 

target = 2, Target no t 
numbeno = {) found 

Target not 
found 

Target 
not 

found 

target = 6, Target found Targe t 
found at 
index O 

Array with ody  
1 element with 
any search key 

Amy with only 
2 elements with 
any search key. 

Target 
found at 
index O 

target = 5, 
numbenu = 

(5,W 

Target found 
at index O 



Table 4.6 (continued) 
- 
Test 
case 

Description 

Array with a 
large number of 
elements with 
any search key 

Input Expected 
result 

Targe t found 
at index 4. 

Actual 
result 

Target 
found at 
index 4. 



Table 4.6 (continued) 

Test 
case 

Description 

13 Array with al1 
elements of the 
same value with 

search key = 
target value 

14 Array with size 
equal to some 

power of 2 

15 

Input 

Array with size 
less than some 

power of 2. 

16 

target = 3, 
numbersu = (3, 

Array with size 
greater than 

some power of 2 

- - 

target = 3, 
numben[] = { 1, 

2,3,41 

target = 3, 
numben[] = { 1, 

2 ,3 )  

target = 3, 
numbers[] = { l ,  

2 ,3,4,51 

Expected 
result 

- -  

Actual 
result 

Error 
(Yed 
no) ? 

Targe t found 
at index 3 

Target 
fond at 
index 3 

Target found 
at index 2 

Targe t found 
at index 2 

Targe t 
found at 
index 2 

Target 
found at 
index 2 

Targe t found 
at index 2 

Target 
found at 
index 2 

Stane III 

There are no new test cases generated through this stage. One 

possible special input value is when the array numbers[] is empty, but that 

has already been covered under test case 9. 

Stage IV 

A typical test case is when the input nurnbers[l has al1 unique values, 



i.e. no repetitions in values and a unique searcb key. However case 1 1  

contains input data to execute such a test case. 



Chapter 5 

EVALUATION 
OF THE APPROACH 

This chapter evaluates the proposed test plan generation approach. A 

comparative study between this approach and the others in the available literature is 

presented in the chapter. The study reveals the various advantages and some of the 

limitations of the proposed approach. 

5.1 Cornparison of the approach with other 
approaches. 

Section 5.1 compares the proposed approach in this thesis against 

various features, Uicluding the goals set out for the approach. Table 5.1 provides a 

summary of the cornparison. 



Table 5.1 Cornparison between the approach and some of the 
other approaches available in the literahire. 

- - 

Sirnplified for teaching 
purposes 

Distinct steps 
combining multiple 

techniques 

manually applied 
- 

Testing 00 programs 
in general 

Testing Java 
applications 

- 

Uses some procedural 
programming 

technique ideas in 
testing of object- 
orienied programs 

Does our 
approach 

use/accom- 
plish 

it ? 

Yes 

Yes 

Yes 

Yes, in a 
limited 
sense 

Yes (with 
limita- 
tions) 

Yes 

Previous references 
who have used the 

feature ( or 
accomplished the 

same goal) 



Table 5.1 (continued) 

7 1 Testing special values 

Does our 
approac h 

use/accom- 
plish 
it ? 

9 

10 

Yes 

Requires good 
understanding of code 
to apply the approach. 

Illustrations with 
examples 

Yes 

Yes 

Yes 

Previous references 
who have used the 

feature ( or 
accomplished the 

same goal) 

None (as a distinct 
step for only 
achieving this 

purpose) 

Che90 (partially), 
Har93 (parti al1 y) 

Table 5.1 shows that this approach possesses a number of 

characteristics that other published approaches do not. While most references deal 

with only a single aspect of testing, this thesis provides an approach for testing 

multiple aspects of software. Other than Fiedler [Fie89], who tests only two aspects 

of the software, equivalence-partitioning and boundary value issues, other 

approaches tend to be less integrated and concentrate on testing one aspect of 

software. Approaches having the capability to test multiple aspects of software are 



valuable in a teaching context since this helps students by offering a single approach 

that detects different class of erron. This saves students t h e  and minimises the 

complexity involved in selecting particular techniques for testing a program. 

Our litenme survey reveals no other work specifically oriented toward 

improvements in teaching software testing to srudents. The approach presented in 

this thesis represents an innovation in software testing, through integrating concepts 

borrowed fiom existing disparate techniques. 

This approach, in contrast to the available published approaches, 

provides the user with distinct simplified steps combining multiple techniques that 

can be applied manually. 

Stage 1 of the approach does not test dynamic binding and the 

polymorphic capabilities of programs. in such situations, the object that will process 

a message is not pre-determined but is decided dynamically dunng execution. The 

actual flow of control is not statically d e t e h e d  beforehand but is decided 

dynamically at mn-time, and therefore cannot be predicted [Gra96]. This 

characteristic of the proposed approach does not preclude its use for programs 

containing such features. The approach cm stili be used in such situations for testing 

programs containing such individual class units. The approach also does not address 
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recursive function cdls, but can be used to test other aspects of the program 

containing such cdls. In simple situations of recunions, it might be possible to use 

the approach by exercising special care while developing the test cases . 

The testing of java graphical user interfaces is dificult and despite the 

tremendous arnount of research in this area, there is no straightforward solution 

[Wai97]. Therefore, to simpliQ the approach in the thesis, testing of graphical user 

interfaces is not considered in detail. 

Unlike many approaches [e.g. Smi92, Hof93, Mux941, the approach 

presented in this thesis requires a good understanding of the program unit to test. 

This feature is quite advantageous because the users of this approacli are both 

programmers and testers. The approach cm best be done by the programmer. Parties 

willing to test somebody else's prognm need to thoroughly understand the program 

before attempting to apply the approach. This limits to some extent the use of this 

approach for testing software produced for commercial purposes where there are 

usually separate groups of testers other than the programmers. 

Each of the three examples in this thesis (Figure 3.1 plus sections A. 1 

and A.2 in Appendix A) have been compiled using JDK 1.2.2 and JavaWorkshop 

3 .O.4 in the Windows 98 environment. The test cases identified in the Tables 3.3.3.4, 
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3.5, 3.6, 4.2, 4.3 and 4.5 have al1 been executed. The approximate tirne taken to 

generate and nin these test cases were noted and are as shown in Table 5.2. These 

times may not be indicative of how long similar testing tasks wodd take for 

undergraduate students, since the time depends on various factors such as the 

complexity of the problem, its size, tester's familiarity with the testing approach, etc. 

Execution of the sample test cases shows that (1) test cases generated by the 

proposed approach are usable, and (2) at least for the example used in ihis thesis, the 

test cases identiQ errors in the prograrns. 

Table 5.2 Approxirnate t h e  taken to generate test suites and the number of 
errors detected in each example. 

Program 

Example 1 
(Average) 

Example 2 
(Employee & 

Date) 

Example 3 
( B i n v  
Searc h) 

Time to 
generate 

test suites 

15 minutes 

30 minutes 

10 minutes 

T h e  to 
run the test 

cases 

10 minutes 

40 minutes 

10 minutes 

Number 
of  test 
cases 

generated 

Number of 
test cases 
that found 

errors 
I 



5.2 Use of the approach in teaching 

The proposed approach can be used as an example approach in 

teaching, dong with other published approaches. One possible scenario is to first 

provide an ovewiew of the dflerent approaches in the literature to the students 

and then teach ths  integrated approach so that the students c m  use it for 

assignrnents. Teaching a variety of testing techniques has obvious value. 

However, the proposed approach provides a step-by-step approach to guide 

students and therefore is recommended for use in take-home assignments. 

The instnictor has a major control as to the way he/she wants to 

teach testing to the students. Depending on factors such as "syllabi of the 

course", "available time", "educational background", "aptitude" and "interests of 

students", the uistnictor can plan on designing the course materials accordingly. 

If the course primarily intends to teach software testing to students, 

the instructor can sub-divide the total number of course hours into three phases. In 

the first phase few hours can be devoted to providing the foundations of testing. 

This may include a broad overview of dieennt testing approaches, such as the 

ones discussed in Chapten 1 and 2 of the thesis. The teacher may devote a few 

houn at the end of the fmt phase in quiuing the students orally with very simple 



questions to test the broad understanding of the concepts of testing. If the 

instmctor feels satisfactory with the generai understanding of concepts, he/she 

might proceed to the second phase. Otherwise the insûuctor may want to devote a 

few more hours reviewing the concepts taught in phase 1. In phase 2, the concepts 

and testing techniques taught in phase 1 may be taught in more detail. A few 

books devoted to software testing may be consulted. Depending on the amount of 

available tirne, the teacher should list which al1 techniques should be covered in 

more detail through this phase. The instmctor rnay conduct a small workshop in 

which a few simple sample programs are provided to the students with an idea of 

the type of erron that may be found in the programs. The students should apply 

the techniques and fmd out errors embedded in the programs. In the third phase 

the students may be taught the integrated approach discussed in this thesis. The 

students should be able to appreciate the purpose of the third phase. In the second 

phase the students used disparate techniques where each technique finds a specific 

type of error. However in the third phase they should be able to find different 

types of errors in the programs through a simple, step-wise integrated approach. 

If the course in which the testing concepts are intended to be 

introduced is a general iow-level progranunhg or Software Engineering course, 

the instnictor may follow the approach discussed as under. it should be 

remembered by the instructoa that in low-level programming or So f ~ a r e  

109 



Engineering cornes, the primary intent is not to teach rigorous methods in testing. 

The prime intent in these courses is to teach students the methods of developing 

software using proper software engineering standards and techniques. In such a 

scenario, it is recommended that more emphasis be given to teaching the 

integrated approach discussed in this thesis, rather than discussing several testing 

testing techniques in a great detail, unlike the previous scenario discussed in the 

earlier paragraph. Also it should be remernbered that students in such courses are 

fairly new to software engineering and programming concepts. By teaching 

multiple techniques at once through such courses, the students run the risk of 

confusing multiple concepts. Therefore it is suggested that in contrast to having 

three phases like the earlier approach, the instructor may reduce the number of 

phases to two. In the f ~ s t  phase a broad overview of the different available 

teachniques is taught to the students. In the second phase the students are taught 

in a considerable detail the integrated approach discussed in this thesis. The 

students may be supplied with a few sample programs as take-home assignments 

on which the students would apply this integrated approach discussed in this 

thesis. 

Educational background, aptitude and interests of students should 

also play a major role in designing the coune materials. As discussed in the 

prenous paragraph if the students are in the first or second yean of their degree 
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programs in Computer Science or if the students are fiom a non Computer Science 

background, it is advisable that the course materials are not overloaded with many 

new concepts such as the different testing techniques. In such cases it might be a 

good idea to only resûict to the comprehensive approach in the literature, as much 

as possible. The instnicton should also ûy to get a general feeling of the learning 

interests of the students while designing the course materials. If after introducing 

the integrated approach the instructor fmds that the students in the class are more 

interested in leaming testing in more detaii, the insûuctor may eitlier devote some 

more time in discussing other concepts, or may provide to the students with 

appropriate references, such as the ones listed in the "references" section of this 

thesis. 



Chapter 6 

CONCLUSIONS 

6.1 Contributions 

The research camed out in this thesis provides a significan 

contribution to teaching software testing to student programmers and software 

engineers. This thesis combines multiple testing techniques fiom a variety of sources 

into a senes of well defined steps. The proposed approach makes use of exishng 

techniques, but modifies, combines and presents them in a fashion suitable for 

application to student programming and testing assignments. 

This thesis provides a test plan generation approach for students, which 

includes test case generahon. As opposed to an ad hoc approach, the proposed 

approach outlines in detail the aspects of software that can be tested and the steps 

to be followed. Applying the approach cleariy demonstrates to students the need for 

a rigorous approach in testing. This approach is meant for testing of Java prograrns, 

but can be used with no changes for other similar programming languages (e.g. 
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The thesis defmes an approach with charactenstics that have 

advantages in teaching software testing to junior software engineering students. 

Another strength of this approach is that it can be quite easily applied 

manually, thereby providing the students an insight into the ways specific test cases 

are executed and the need of the test cases. 

6.2 Future Research 

There are several potential areas where M e r  research is possible. 

Fint, the new integrated approach has not been used for actual classroom teaching. 

The effectiveness of this approach cm be further evaluated by doing so. Secondly, 

although the approach has been designed for pedagogical purposes, one could very 

well examine its effectiveness by applying it in a commercial context. One can 

study if there would be major changes in ideas the students would have to undergo 

in the transition fiom school to work. The third possibility for future research is to 

investigate other possible ways to design an approach for teaching purposes. 

Experience may show it is possible to M e r  simplify the steps of the approach, or 

to test more aspects of software (Le. to incorporate additional testing techniques). 
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Finaily, one can investigate ways to accomplish other testing activities in a teaching 

environment, such as test case execution and evaluation, debugging and error fixing 

and error rate evaluation. 
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Appendix A 

SAMPLIS PROGRMS 

These programs are used in Chapter 4 for illustration of the approach. The 
significance of the highlighted portions of the code is explained in Chapter 3. 

A.l Examok 1 (Date and Ern~loveel 
This program is adapted fiom Deitel [Dei98]. 

Pronram soecification: Write a class "Date" that creates date objects, where 
each date object stores a month, day and year value as separate integers. The Date 
constructor should accept these three values as parameten. The value of year 
should be non-negative, othemise an error message should be printed and year 
shouid be set to O. If the month is not between 1 and 12 inclusive, a message to 
that effect should be printed and the constmctor should set the month to 1. 
Similarly, if the day is not valid (that is, between 1 and the number of days in the 
given month for the given year) then a message to that effect should be p ~ t e d  
and the day should be set to 1. Leap years should be handled (defined as a year 
that is either (a) evenly divisible by 400 or (b) evenly divisible by 4 but not 
evenly divisible by 100). The Date class should also include a toString method so 
that Date values can be displayed in a month/day/year format. 

Provide a class that creates "Employee" objects, where each employee has a 
frrst and last name (separate String values) as well as a birth date and hire date 
(two objects of class Date). As with Date, the Employee class should include a 
toString method. 

Wnte a class called EmployeeTest that creates an employee, then displays 
the employee information to verify that the object was successfully created. 
(End of specifcutiion) 



1 //Date. java 
2 irnport j a v a . i o O t ;  
3 
4 / /Dedara t ion  of t h e  Date c l a s s .  
5 publ ic  c l a s s  Date { 
6 p r i v a t e  i n t  month; / /Io12 
7 p r i v a t e  i n t  day; / / Io31 based on month 

p r i v a t e  i n t  year; //any year 

//Constructor: Conf im proper value f o r  month; 
/ / c a l 1  method function checkDay t o  confirm proper 
/ /value f o r  day. 
publ ic  Date ( i n t  mn, i n t  dy,  i n t  yr) 

/ / v a l i d a t e  t h e  month 
month = IM; 

month = 1; 
System.out . p r i n t l n (  ''Month " + mn + 

" inva l id .  Set t o  month 1 . " )  ; 

year = y r ;  
day = checkDay( dy ) ; 

/ /could a l s o  check 
/ / v a l i d a t e  t h e  day 

System.out.println(  
"Date object  constructor  for  da te  " 

+ t o S t r i n g (  ) ) ; 



//Utility method to confirm proper day value 
//baseci on month and year. 
p r i v a t e  int checkDay(int testDay) 

int daysPerMonth[] = { 0, 31, 28, 31, 30, 
31, 30, 31, 31, 30, 
31,  34, 30 1 ; 

return testDay; 
RE ç 

if mqth,=-2 . & &  //February:for leap year 

%.a 6,s 
(year % 4 == O & &  year % 100 != O}) 

r e t u r n  testDay; 

System.out.println ("Day " + testDay + 
" i n v a l i d .  Set t o  day 1."); 

r e t u r n  1; //leave object in consistent 
//state 

//Create a String of the form month/day/year 
public String t o S t r i n g (  ) 

{ r e t u r n  month + " / "  + day + " / "  + year; 70 1 



74 //Employee.java 
75 //Declaration of the Employee class. 
76 
77 public class Employee ( 

private string-first~ame: 
private String lastName; 
private Date birthDate; 
private Date hireDate: 

public Employee (String mame, String lName, 
int bMonth, int bDay, i n t  blear, 
int Wonth, int hDay, int hYear) 

{ 
firstName = fName; 
lastName = 1Name; 
birthDate = new Date (bMonth, bDay, bYear) ; 
hireDate = new Date (Wonth, hDay, hYear); 

1 

public String toString( ) 
( 

return lastName + ", II + firstName + 
Wired: " + hireDate.toString( ) + 

"Birthday: î@ + birthDate. tostring ( ) ; 
1 

//EmployeeTest . j ava 
import java.awt.Graphics: 
import java.applet.Applet; 
public class EmployeeTest extends Applet ( 

private Employee e; 

public void init ( ) 
{ 

e = new Employee( @@Bobn, waJonesla, 7, 24, 49, 
3 ,  12, 8 8 ) ;  

1 

public void paint(Graphics g) 



A.2 Çode of  examde 2 minary Searchl 
This program i s  adapted from Lewis Pew981. 

Proeram soecification: Write a Binary Search class that contains a static method 
caiied "sea&'. This method should ac&t as parameten an array of integer 
numbers (in increasing order of the elements of the array), as well as a single 
integer search value. The method should r e t m  the index in the array where the 
search value was found (using a binary search) or - 1, indicating the search value 
was not found in the array. If the anay contains the same number twice or more, 
the index of the array where the element is fÜst occurs should be remed. 

To test the "search" method, also provide a main method in which an array is 
input and the user is prompted for a search value. Cal1 the "search" method with 
these values and display the result. 
(End of specif CU f ion) 

/ /  Binary Search - Test.java 
import java.io.*; 
public class Binary - Search - Test { 

public static void main(String args[J) t h r o w s  
IOExceptionI 

int[] numbers = {2, 3, 5, 7, 7 ,  8, 91; 

BufferedReader stdin = new BufferedReader 
(new InputStreamReader(System.in)); 

String 
int num, t; 

System.out.println("Enter the target value:"); 
s = stdin.readLine(); 
num = Integer .parseInt ( s )  ; 

t = Binary - Search.search (numbers, num); 



n o t  
else System.out.println('Yarget found a t  

index " +t) ; 

/ /  Binary  Search. java 
p u b l i c  class Bina ry  - Search { 

public static i n t  search ( i n t [ ]  numbers, i n t  
t a r g e t )  { 

int i ndex ;  
i n t  left = O ,  r i g h t  = numbers. length - 1; 

.% 
w h i l e  (left <y right) { 

index = ( l e f t  + r i g h t )  
41 
42 
43 
4 4 
45 
46 
47 
4 8 
4 9  1 
50 
51 r e t u r n  -1; / / t a r g e t  not  found 
52 
53 1 //method search 
54 1 //class Bina ry  - Search 

. . c3 . 
i f (target ,- nmbers [index] ) 

return index;  / / t a r g e t  found 
.c, 

if (targec > numbers[index]) 
left = index + 1; 

else 
r i g h t  = i ndex  - 1; 



Appendix B 

TRUTH TABLES 

The following arc the truth tables for 'AND', 'OR' and 'EXOR' operators. They 
are used in stage 1 of the approach for determining the tmth of composite 
conditions. 

1 False 1 False 1 False 1 

Table B.l Tmth table for 'AND' (&&) operator. 
L 

1 False 1 TM 1 Faise 1 
1 Tme 1 False 1 False 1 

Expression 1 && Expression 2 Expression 1 

1 True 1 True 1 Tme 1 

Expression 2 

Table B.2 Truih table for 'OR' ( II 1 operator. 

1 Expression 1 1 Expression 2 1 Expression 1 II Expression 2 1 
1 False 1 False 1 Fdse 1 
1 False 1 Tme 1 True 1 
1 True 

- - 

1 False 

1 True 1 True 1 True 

Table B.3 Truth table for 'EXOR' P) ooerator. 

1 False 1 False 1 False 1 
Expression 1 

1 False 1 Tme 1 True 1 
1 True 1 False 1 True 1 

I 

Expression 2 

1 Truc 1 Tme 1 Faise 1 

Expression 1 A Expression 2 




