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Abstract
%
Testing is very important part of software development. Almost 80%
software fails because of the improper or inefficient testing. Testing is performed by
different types of strategies. Generally testing is performed on code, but if the
software can be tested in the earlier phases then most of the errors can be eliminated
and can be stopped from propagating to next phase. Thus there is a need to explore
testing possibilities in earlier phases.

The proposed work presents a novel requirement based testing approach that can
fix errors in initial phase. Formal Specification languages play a vital role in software
testing. Formal models provide a precise specification of the system, and can be used
as a vehicle for driving the development process. To perform requirement based
testing, we need a formal language that can deal with the requirement specification
efficiently.

Many researchers have proposed various approaches to generate test cases from
formal specifications. These approaches include test case generation from various
state based languages like Z, VDM and B specifications. We investigate, why B
specification is more appropriate than Z and VDM for test case generation in
proposed work. We also compare test case generation from above specification
languages and find limitations of each approach.

In this thesis work we proposed a technique that can provide better coverage of
requirements as compared to other approaches. For maximizing the coverage of
requirements in our model, we annotate our specifications with requirement
identifiers, which help in later stages to detect which requirements are covered and
which are yet to be tested. Test cases are generated by extracting invariants and
postconditions from our specification, and are transformed in a generalized form.
Using test selection criteria, we can cover all parts of our model and generates test

cases for each of our test objective.

Keywords: Software Testing, Formal Languages, Z, VDM, B Specifications.
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Abbreviations
=

SUT System under Test

RBT Requirement based testing

tcs Test case specifications

TTF Test Template Framework

SRS Software requirement specification
SDS Software Design Specification
FSL Formal Specification Languages
VDM Vienna Development Method
invar Invariant

init Initialization
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Chapter 1: Introduction
E

IEEE definition of software testing is executing the program with intent of
finding errors. Testing is the most critical phase in the software development life
cycle [1, 2, 7]. The testing phase is the final filter for all errors of omission and
commission. Almost 50%-70% of the software projects fail due to the improper or
inefficient testing. Almost 50% of the software production development cost is
expended in software testing. It uses resources and in return, it adds nothing to the
product in terms of its functionality. Software testing remains the primary concern
used to gain consumer’s confidence in the software. Ideally, testing of software
guarantees the absence of errors in the software, but in reality it only discloses the
presence of software errors, but never guarantees their absence. Even, systematic
testing cannot prove absolutely the absence of errors, which are detected by
discovering their effect. One objective of software testing is to find errors and
program structure faults.

Testing software is far more complex than exercising a program to see if it
works. Software testing is an empirical technical investigation conducted to provide
stakeholders with information about the quality of the product or service under test,
with respect to the context in which it is intended to operate. Quality is not an
absolute term; it is value to some person. With that in mind, testing can never
completely establish the correctness of arbitrary computer software; testing furnishes
a criticism or comparison that compares the state and behavior of the product against
a specification.

A common practice of software testing is performed by an independent group
of testers after the functionality is developed and before it is shipped to the customer.
This practice often results in the testing phase being used as buffer to compensate for
project delays, thereby compromising the time devoted to testing. Another practice is
to start software testing at the same moment the project starts and it is a continuous
process until the project finishes. Each review, inspection, audit, walk-through and

group code read, all is in reality a form of test.



1.1 Testing Objectives

Testing is very important part of software development process. It takes half of the
time of the software development. The main objective of testing is to prove that the
software product as a minimum meets a set of pre-established acceptance criteria
under a prescribed set of environmental circumstances. Testing is performed on the
requirements, code and design with different methodologies. But still failure rate of
the software project is about 80%. The reason for failure is because the testing
performed on the software is not sufficient to detect various types of errors in the
software. Generally practitioners consider code testing as most important. So testing
only code and ignoring all other artifacts may result in catastrophic type of failure.

Requirement phase is very important part because whole design and coding part
depend on this phase. But generally testing of software requirement is avoided or
done partially. Because requirement is not executable part, so testing of a requirement
becomes very cumbersome. Our objective is to prove that the requirements
specification from which the software was designed is correct. Correctness means
that functional, performance, and timing requirements match acceptance criteria.
Software testing is further complicated by the fact that system acceptance criteria
usually involve hardware, procedures, and operators so that acceptance tests involve

more than just the software.

Following are the objectives that software testing follows:

e A good test case is one that has a high probability of finding an as-yet
undiscovered error.

e A successful test is one that uncovers an as-yet undiscovered error.

e Testing cannot show the absence of defects, it can only show that software errors

are present.

1.2 Testing Principles

Following are principles of Software Testing [2]:



o All tests should be traceable to customer requirements. The objective of system
testing is to uncover errors. It follows that the most severe defects are those that
cause the program to fail to meet its requirements.

e Tests should be planned long before testing begins. Test planning can begin as
soon as the requirements model is complete. Detailed definition of test cases can
begin as soon as the design model has been solidified. Therefore, all tests can be
planned and designed before any code has been generated.

e Testing should begin *“in the small”” and progress toward testing “in the large”.
The first test planned and executed generally focus on individual program
modules. As testing progresses, testing shifts focus in an attempt to find errors in
integrated clusters of modules and ultimately in the entire system.

e Exhaustive testing is not possible. The number of path permutations for even a
moderately sized program is exceptionally large. For this reason, it is impossible
to execute every combination of paths during testing.

e To be most effective, testing should be conducted by an independent third party.
By “most effective” , means testing that has the highest probability of finding
errors. For this reason, the software engineer who created the system is not the

best person to conduct all tests for the software.

1.3 Characteristics of a “Good” Test

Following are the characteristics of a good test [2]:

e A good test has a high probability of finding an error. To achieve this goal, the
tester must understand the software and attempt to develop a mental picture of
how the software might fail.

e A good test is not redundant. Testing time and resources are limited. There is no
point in conducting a test that has the same purpose as another test. Every test
should have a different purpose.

e A good test should be “best of breed”. In a group of tests that have a similar
intent, time and resource limitations may militate for the execution of only a

subset of these tests.



e A good test should be neither too simple nor too complex. Although it is
sometimes possible to combine a series of tests into one test case, the possible

side effects associated with this approach may mask errors. In general, each test

should be executed separately.

1.4 Testing Process

The IEEE829 standard [3] describes a framework within which the entire
testing process can be managed. The framework allows easy communication between
members of a testing project, organizes the testing process, and outlines the

documents that should be made part of any compliant testing process. Figure 1.1

shows all the activities of software testing according to IEEE829.

Test Plan

A 4

Test Design

/

Test Cases

Testing Activities

Test Logs

AN

Test Procedures

Incident Reports

Test Summary

Reports

Figure 1.1: Testing activities




1.4.1 Test Plan

Test plan describes the scope, approach, resources, and schedule of testing
activities in a given project, and identifies the items to be tested, the features of those
items to be tested, the individual testing tasks that are to be performed, and personnel

responsible for those tasks, along with the risks associated with the plan.

1.4.2 Test Design
Test design, or test specification as it is sometimes known, further refines the
testing approach, and identifies the test cases and test procedures, and test item

pass/fail criteria.

1.4.3 Test Cases
Individual test cases document the values that will be used as input to
individual tests, together with the associated expected outputs. A test case identifies

any constraints on the test procedure resulting from the use of the test case.

1.4.4 Test Procedures
Test procedure describes the exact steps required to operate the system and
execute test cases in order to implement the test design. Test procedure is kept

separate from the test design as it is followed step by step.

1.4.5 Test Logs
Test logs are used to record what occurred during execution of a test or set of
tests. Test logs may either be manually created as tests are executed, or automatically

by the system as testing processes.

1.4.6 Incident Reports
Incident reports are used to provide a description of any events that occur

during testing that require further investigation.



1.4.7 Test Summary Report
Test summary report summarizes the testing activities associated with one or

more test designs.

1.5 Software Testing Approaches

Testing is a set of activities that can be planned in advance and conducted
systematically. For this reason a template for software testing, a set of steps into
which we can place specific test case design techniques and testing methods, should
be defined for the software process. A number of software testing approaches have

been proposed in the literature.

1.5.1 Top-Down Approach

The top-down approach is based on establishing the top-level control structure
first. In top-down strategy, testing starts from the top of the hierarchy, and then
incrementally adds modules that it calls and tests the new combined system. This
approach of testing requires stubs to be written. A stub is a dummy routine that
simulates a module [2]. In the top-down approach, a module (or a collection) cannot
be tested in isolation because they invoke some other modules. To allow the modules
to be tested before their subordinates have been coded, stubs simulate the behavior of

the subordinates.

1.5.2 Bottom-up Approach

The bottom-up approach starts from the bottom of the hierarchy. First the
modules at the very bottom, which have no subordinates, are tested [5]. Then these
modules are combined with higher-level modules for testing. At any stage all the
subordinate modules exist and have been tested earlier. To perform bottom-up testing,
drivers are needed to set up the appropriate environment and invoke the module. It is
the job of the driver to invoke the module under testing with the different set of test

cases.

1.6 Software Testing Techniques



Testing techniques refers to the way the software artifacts are examined during

the software development life cycle.

1.6.1 Static Testing

The term static testing refers to testing the software requirement specification
(SRS), software design specification (SDS) and other non-executable items through
requirement analysis, audits, desk checks, inspections, walk-through, etc [1]. Static
testing is employed to verify the correctness of requirements, designs, and code
before execution of test cases. Static testing will also audit newly developed or reused
code for adherence to established standards.

A successful static test of a software module depends upon several things
going right [8]:
1. A correct allocation of requirements to the software components.
2. A correct partitioning and sub allocation of software requirements to the module.
3. Successful (correct) module design.
4. A successful translation of the intermediate code (pseudo-code, POL, etc.) into

programming language statements.

The purposes of the static testing are:

e Validating the requirement specifications.

e Looking for omissions, inconsistencies, redundancies in all documents and source
code.

e To ensure that the documents of design and coding conform to the specification.

1.6.2 Dynamic Testing

Dynamic testing is a term that describes the development of test cases and test
procedures, the execution of test cases, and the structure and use of test logs and
anomaly or incident reports. There are two popular ways to perform dynamic testing,
namely, black box testing and white (glass) box testing. Either of these two methods
requires a set of well-developed and well-structured test cases. Dynamic testing

cannot prove the absolute correctness of a software product unless it is performed in



an exhaustive manner [4]. An exhaustive test requires a set of test cases that
guarantees the following: explicitly exercises every possible, module path and every
possible combination of paths with every possible module input and every possible

combination of module inputs.

1.7 Types of Testing

Any engineered product can be tested in one of two ways:(1) Knowing the
specified function that a product has been designed to perform, tests can be
conducted that demonstrate each function is fully operational while at the same time
searching for errors in each function; (2) knowing the internal workings of a product,
tests can be conducted to ensure that internal operations are performed according to
specifications and all internal components have been adequately exercised. The first

test approach is called black-box testing and the second, white-box testing.

1.7.1 Black Box or Functional Testing

Black box testing is the testing of a piece of software without regard to its
underlying implementation [9]. Specifically, it dictates that test cases for a piece of
software are to be generated based solely on an examination of the specification
(external description) for that piece of software. The goal of black box testing is to
demonstrate that the software being tested does not adhere to its external
specification.

The objective is to search for interface errors, function or process errors,
performance shortcomings, start-up/shutdown errors, and errors in local (module)
databases by selecting appropriate inputs and external conditions and monitoring

outputs.

Black box testing attempts to find errors in the following categories:
e Incorrect or missing functions

e Interface errors

e Errors in data structures or external database access

e Performance errors



e Initialization and termination errors

Black Box Testing Techniques includes:
e Equivalence Partitioning
e Boundary Value Analysis

e Comparison Testing

1.7.2 White Box Testing
White box testing also known as glass box testing .It is a test case design

method that uses the control structure of the procedural design to derive test cases
[10]. Using white box testing methods, the software engineer can derive test cases
that:

1. Guarantee that all independent paths within a module have been exercised at least

once.

2. Exercise all logical decisions on their true and false sides.
3. Execute all loops at their boundaries and within their operational bounds.

4. Exercise internal data structures to assure their validity.

Thus white box testing is the testing of the underlying implementation of a
piece of software (e.g., source code) without regard to the specification (external
description) for that piece of software [6]. The goal of white box testing of source
code is to identify such items as (unintentional) infinite loops, paths through the code

which should be allowed, but which cannot be executed and dead (unreachable) code.

White Box Testing Techniques includes:
e Control flow testing.
e Data flow testing.

¢ Basic path testing.



1.8 Requirement Based Testing

The requirements-based testing process addresses two major issues: first,
validating that the requirements are correct, complete, unambiguous, and logically
consistent; and second, designing a necessary and sufficient, from a black box
perspective, set of test cases from those requirements to ensure that the design and
code fully meet those requirements. In designing tests two issues need to be
overcome: reducing the immensely large number of potential tests down a reasonable
size set and ensuring that the tests got the right answer for the right reason. The
requirement testing process does not assume, going in, that we will see good
Requirements Specifications. That is very rarely the case. The requirement testing
process will drive out ambiguity and drive down the level of detail [11].

The overall requirement testing strategy is to integrate testing throughout the
development life cycle and to focus on the quality of the Requirements Specification.
This leads to early defect detection which has been shown to be much less expensive
than finding defects during integration testing or later. The requirement testing
process also has a focus on defect prevention, not just defect detection.
Demonstrating test coverage of requirements is important in regulated business such
as health care, safety-critical software etc. Effective test coverage requires not only a
well organized testing effort, but also requires testable requirements. Requirements
are often reported as not suitable for testing, because they are, for instance,

incomplete or too ambiguous.

1.8.1 Reasons for Requirement Testing
There are numerous economic reasons to improve the quality of software by
testing the requirements:
¢ Reducing the costs to detect and remediate defects.
e Reducing the time it takes to deliver the software and

e Improving the probability of successfully installing the right solution.

10



1.8.2 Relative Cost to Fix an Error
The reason for integrating testing earlier into the life cycle has simple economic
reasons. First, that the majority of defects have their root cause in poorly defined

requirements as shown in Figure 1.2.

Distribution of Bugs Distribution of Efforts to fix Bugs

Others 10%

Requirements
56%

Design
27%

Figure 1.2. Distribution of Defects.

And second that the cost of fixing an error is cheaper, the earliest it is found. If a
defect was introduced while coding, we just fix the code and re-compile it. However,
if a defect has its roots in poor requirements and is not discovered until integration
testing then you must re-do the requirements, re-do the design, re-do the code, re-do
the tests, and re-do the user documentation. It is all this “re-do” work that sends
projects over budget and over schedule. Let’s say that a defect introduced during the
requirements phase is found during the requirements phase, and the cost of finding
that defect is 1X. If that same defect is not found until integration testing or
production it will cost hundreds or even thousands of times more. Tablel.1 shows

relative cost to fix an error during different phases.

11



Tablel.1 Relative Cost to Fix an Error.

Phase in which Defect is Found Cost Ratio
Requirements 1
Design 3-6
Coding 10
Unit/Integration Testing 15-40
System/Acceptance Testing 30-70
Production 40-1000

1.9 Formal Specification and Software Testing

Traditionally formal methods and software testing have been seen as rivals. That
is, they largely failed to inform one another and there was very little interaction
between the two communities. In recent years, however, a new consensus has
developed. Under this consensus, these approaches are seen as complementary [12,
13]. The use of a formal specification or model eliminates ambiguity and thus reduces
the chance of errors being introduced during software development. Where a formal
specification exists, both the source code and the specification may be seen as formal
objects that can be analyzed and manipulated. A formal specification could be
analyzed in order to explore the consequences of this specification and potentially
find mistakes [14]. If this is done then we have greater confidence that we are testing
the system under test (SUT) against the actual requirements.

The use of a formal specification introduces the possibility of the formal and
potentially, automatic analysis of the relationship between the specification and the
source code. This is often assumed to take the form of a proof, but such a proof
cannot guarantee operational correctness. Software testing is an important and,
traditionally, extremely expensive part of the software development process, with the
importance and cost depending on the nature and criticality of the system. Studies
have suggested that testing often forms more than 50% of the total development cost,

and hence dominates the overall production cost. Where formal specifications and
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models exist, these may be used as the basis for automating parts of the testing
process and this can lead to more efficient and effective testing [16]. It may transpire
that its support for test automation is one of the most significant benefits of formal
model building. The links between testing and formal methods do, however, go well

beyond generating tests from a formal specification.

1.9.1 Formal Specification Languages

Formal specification languages are mathematically based languages whose
purpose is to aid the construction of systems and software. Often backed by tool
support, they can be used to both describe a system and also then to analyze its
behavior, possibly verifying key properties of interest. The engineering rationale
behind formal methods is that time spent on specification and design will be repaid
by a higher quality of product, this contributing to the commercial rationale of trying
to reduce the cost of rework later on. The primary idea behind a formal method is that
there is benefit in writing a precise specification of a system, and formal methods use
a formal or mathematical syntax to do so. A specification of a system might cover
one or more of a number of aspects, including its functional behavior, its structure or
architecture, or even cover aspects of non-functional behavior such as timing or
performance criteria.

A precise specification of a system can be used in a number of ways. First, it can
be used as the process by which a proper understanding of the system can be
articulated, thereby revealing errors or aspects of incompleteness. The specification
can also be analyzed or it can be verified correct against properties of interest. A
specification can also be used as a vehicle for driving the development process, either
through refining the specification toward code or by direct code generation. Of
course, a key aspect of the development process is testing, and a specification can

also be used to support the testing process.
1.9.2 Model-Based Languages

There are a number of different ways to write a precise specification. One

approach is to build a model of the intended behavior, and languages such as Z,
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VDM, and B do so by describing the states the system could be in together with
operations that change the state. The states of the system are typically described using
sets, sequences, relations, and functions, and operations are described by predicates

given in terms of pre and postconditions.

1.9.3 Finite State-Based Languages

Model-based languages such as Z, VDM, and B can describe arbitrarily general
systems, and have potentially infinite state. Finite state-based languages define their
state from a finite set of values, which are often presented graphically with state
transitions representing changes of state akin to operations in a notation such as Z.
Examples of such languages include finite state machines (FSMs) [18,19], SDL,
Statecharts, and X-machines. FSM-based test techniques have been considered when
testing from such specifications. Much of the work on testing software from an FSM
has been motivated by protocol conformance testing, since FSMs are suitable for
specifying the control structure of a communications protocol. However, more
recently, FSM based testing has been used within an approach called model-based

testing in which a model is produced in order to drive testing.

1.9.4 Process Algebra State-Based Languages

Concurrency can be given a very elegant algebraic treatment, and process
algebras describe a system as a number of communicating concurrent processes.
Examples include CSP [20], CCS, and LOTOS. Finite-state based languages such as
Statecharts and SDL can also be used to describe a system as a set of communicating
concurrent processes. However, process algebras have a rich theory that provides
alternative notions of conformance described in terms of implementation relations.
The implementation relations capture several types of observations that can be made,
in addition to traces (sequences of inputs and outputs), and different properties of the
environment. CSP, for example, describes a system as a collection of communicating

processes running concurrently and synchronizing on events.
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1.9.5 Hybrid Languages

Many systems are built with a combination of analog and digital components. In
order to specify and verify such systems it is necessary to use a specification
language that encompasses both discrete and continuous mathematics. There has been
recent interest in these hybrid languages, such as CHARON [22]. A simple example
of a nonlinear hybrid system is that of a temperature controller. The temperature of a
room is controlled through a thermostat which continuously senses the temperature

and turns the heater on and off.

1.9.6 Algebraic Languages

Process algebras are amenable to algebraic manipulation; however, there are also
languages which describe a system solely in terms of its algebraic properties. These
algebraic specification languages describe the behavior of a system in terms of
axioms that characterize its desired properties. Examples of algebraic specification
languages include OBJ [23] and the Common Algebraic Specification Language
(CASL) [21]. In mathematical terms algebra (or an algebraic system) consists of (1) a
set of symbols denoting values of some type, referred to as the carrier set of the

algebra; and (2) a set of operations on the carrier set.

1.10 Formal Specification based Software Testing

Software testing is mostly about empirically checking correctness. Formal
methods, on the other hand, have traditionally been about formally verifying the
correctness of software [15]. A major thrust of formal methods is the introduction of
system models early in the lifecycle, against which the software can be proven
through the use of appropriate mathematics. By using formal methods and testing
together, we can reduce the cost of development by applying testing techniques much
earlier in the lifecycle while defects are relatively inexpensive to correct. We might
also be able to automate more of the testing process by:

e generating functional test cases from the specification of a system,;

e deriving provably correct oracles for checking the results of tests.
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This means that formal methods and testing will always be two complementary

techniques for the reduction of errors in computer based systems.

1.11 Thesis Organization

Chapter 2 is the review and analysis of works done related to formal specification
based languages. In this chapter we will also investigate test case generation from

formal specification languages like Z, VDM and B.

Chapter 3 discovers the gap between the techniques discussed in Chapter 2. In this

Chapter Problem Definition is formed for the thesis work.

Chapter 4 discusses the solution of the problem formed in Chapter 3. It also discusses

the methodology with examples and experimental results are shown.

Chapter 5 concludes the thesis work and also discusses the future scope of the thesis.
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Chapter 2: Literature Review

ﬁ

In this chapter we will investigate different kinds of Formal state-based
Languages like Z, VDM, and B. We explored test case generation from these formal
specification languages through subsections 2.1 to 2.7.

Formal methods allow, applying mathematics (set theory and logic) to specify,
design and implement software. The resulting code can be proved to be consistent
with the original specification. Formal specifications use mathematical notation to
describe in a precise way the properties which an information system must have,
without constraining the way in which these properties are achieved. Formal
Specifications describe what the system must do without saying how it is to be done.
This abstraction makes formal specifications useful in the process of developing a
computer system; because they allow questions about what the system should does in
a concise manner [17].

A formal specification can serve as a single, reliable reference point for those who
investigate the customer's needs, those who implement programs to satisfy those
needs, those who test the results, and those who write instruction manuals for the
system. Because it is independent of the program code, a formal specification of a
system can be completed early in its development. Although it might need to be
changed as the design team gains in understanding and the perceived needs of the
customer evolve, it can be a valuable means of promoting a common understanding

among all those concerned with the system.

2.1 Z Specification

Z Language applies typed sets, relations and functions within the context of first-
order predicate logic to build Schemas, a means of structuring a formal specification.
The main ingredient of Z is a way of decomposing a specification into small pieces
called schemas. Z specifications are organized as a set of schemas- a box like
structure that introduces variables and specifies the relationship between these

variables [24, 25]. A schema is essentially the formal specification analog of the
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programming language component. In the same way that components are used to
structure a system, schemas are used to structure a formal specification. By splitting
the specification into schemas, we can present it piece by piece. A Schema describes
the stored data that a system accesses and alters. In the context of Z, this is called
“state”. In Z, schemas are used to describe both static and dynamic aspects of a

system.

The static aspects include:
¢ the states it can occupy;

e the invariant relationships that are maintained as the system moves from state

to state.
The dynamic aspects include:
o the operations that are possible;
¢ the relationship between their inputs and outputs;

¢ the changes of state that happen.

Z schema, describe a specification’s state space and operations. A schema groups
variable declarations with a list of predicates that constrain the possible value of a
variable. In Z, the schema X is defined by the form given below, where X is the

schema name.

— X (Schema Name)

Declarations

Invariants / Predicates

The declaration gives the type of the function or constant, while the predicate
gives it value. The schema consists of two parts. The part above the central line
represents the variables of the state, while the part below the central line describes the

data invariant. Whenever the schema representing the data invariant and state is used
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in another schema it is preceded by the A symbol. As the last sentence implies,
schemas can be used to describe operations, the inclusion of AX results in all
variables that make up the state being available for the another schema and ensures
that the data invariant will hold before and after the operation has been executed. In
Z, an input variable that is read from and does not form part of the state is terminated

by a question mark (?), and the output variable in schema is terminated by (!).

2.2 Test case Generation from Z Specification

Test Case Generation based on formal model-based specifications has been
considered in the literature in the context of the Z, VDM and B notation. In this
section we study various test case generation approaches used earlier for Z
specification.

In a research by Amla and Ammann et al. in [28], have proposed, test case
generation by partitioning the input space of the Z specification. Partition testing is a
standard strategy in which the input space is partitioned into sub-domains, and test
cases are drawn from each subdomain. The technique for test case generation are
based on the principle of partitioning the input domain into equivalence classes on the
basis of the specification These equivalence classes are subdomains of the input space
upon which it is assumed that the behavior of the system under test is uniform and
thus the techniques relate to uniformity hypothesis. A small sample of data is then
selected from each class: if the uniformity hypothesis holds then it is sufficient to
choose one datum in each class.

Hierons et al. in [29] gives an approach for testing from a Z specification by
classifying the test domains. The idea is based on considering various combinations
after partitioning of the input and output sets (domains) and states into subsets
(subdomains), which typically appear in the declaration part of a specification, and
conditions contained in the predicates of the specification. This approach is
structured, but less rigorous as simple partitions of the input space are constructed by

examining the obvious divisions of the inputs.
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Simon Burton in [30] also proposed test case generation from partitioning of input
space of an operation into equivalence classes, but he extended the approach by
formally specifying the test heuristics, in order to improve test case generation.
Testing heuristics are formally specified and an automated theorem prover, CADiZ, is
used to apply the heuristics to specifications and generate test data from the resulting
test cases. The formal approach to specifying and applying the testing heuristics
allows properties of the heuristics and resulting test cases to be guaranteed. In his
research he shows how the framework supports both partitioning and fault-based
heuristics. It was shown how the formal specification of both partitioning and fault-
based heuristics can be used as a mechanism for both comparing the relative fault
finding abilities of different testing heuristics and assessing the testability of a given
specification. A set of abstract test cases is produced from the specification based on
various partitioning heuristics and fault hypotheses. The test cases are themselves
represented as operations in Z. This allows test data to be generated using
conventional constraint solving techniques and provides a mechanism for deriving
tests based on more than one heuristic (heuristics can be repeatedly applied to refine
the resulting test cases). An abstract test case is defined by constraining the input
space of the specification to particular subdomains considered interesting for testing
purposes. This is achieved by conjoining constraining predicates to the predicate part
of the schema operation. Abstract test cases are derived based on common testing
practice (such as boundary value analysis or disjunction partitioning) or experience of
faults detected in previous builds and systems. Heuristics can be used to partition the
input space into disjoint equivalence classes. It is then assumed that selecting data
from each class will increase the probability of detecting an error. The constraining
predicates define which subdomain is being considered in each test case. Abstract test
cases can also be constructed by simply constraining the input space to those values
that are considered likely to detect specific errors (fault-based testing). In this case,
the constraining predicate will represent the necessary condition for detecting the
hypothesized fault.

As an example, the following schema defines the operation SquareRoot which

calculates the integer square root (r!) of its input (n?). Where an exact root is not
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available, the greatest integer value is chosen that when multiplied by itself does not
exceed the input. The variable j is an intermediate value used in the calculation. If
black-box testing were being performed, the input variable (n?) in the schema would
relate to the input of the implementation under test and the output variable (r!) would
relate to the observable result of the test. Intermediate variables would be hidden
from the test environment.
——quareRoot
n? :Z

rl :Z

n? >0A
rl *rl<n? A

—(3j:Z| j>rle j*j<n?)

Partitioning heuristics can be based on either the signature (variable type
declarations) or the predicate part of the specification. In the latter case, partitioning
information is typically derived from input predicates, predicates that do not constrain
output variables. Input predicates may involve intermediate variables but only those
that are not used in the definition, either directly or indirectly, of output variables in
other predicates. The only predicate that satisfies this criterion is n? > 0. A boundary
value analysis partitioning heuristic can be applied to produce the following
constraining predicates: n? =0, n? =1 and n? > 1. The resulting test cases would be

as shown below. The constraining predicate is highlighted in each case.

Partitionl
n? :7Z
rl :Z
n? =0 A
n? >0A
rl *rl<n? A
—(3j:Z| j>rle j*j<n?)
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Partition2

n? : 7Z
r! :Z
n? =1nx
n? >0

r! *rl<n? A

—(3j:Z| j>rle j*j<n?)

Partition3
n? : Z

rl :Z

n? >1 A

n? >0A

rl *rl<n? A

—(3j:Z| j>rle j*j<n?)

Partitioning heuristics can be represented as theorems in Z that describe the
equivalence between the original specification and the resulting abstract test cases.
The following template is used for defining partitioning heuristics where the input
space defined by P is partitioned into the subdomains P, P, and Vars (P) is a

function that returns declarations of all variables referenced in the predicate to be
partitioned, P. Table 2.1 shows formalised partitioning heuristics for boundary values.
This template does not require the subdomains to be disjoint, only complete (this
allows multiple testing criteria to be combined within the same heuristic). The

partitioning heuristic template is thus:

‘= V Vars(P) e P < P, v ..... v Py
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To generate abstract test cases using the partitioning heuristics, the parameters of the

heuristic are instantiated with the operands of the predicate to be partitioned. The

resulting terms of the disjunct on the right hand side of the equivalence are then used

as the constraining predicates.

Table2.1: Formalized Partitioning Heuristics.

Group 1: Typed expressions as operands to the partitioning heuristic

1: Boundary value analysis applied to <

VA,B:Z e A<B & A=B-1v
A <B-1

2: Boundary value analysis applied to >

VA,B:Z e A>B & A=B+1 v
A > B+l

3: Boundary value analysis applied to <

VA,B:Ze A< B < A=B v
A=B-1 v A<B-1

4: Boundary value analysis applied to >

VA,B:Ze A>B < A=B v
A=B+tl v A>B+l

Group 2: Predicates as operands to the partitioning heuristic

5: Disjunction partitioning

V A,B : Boolean ®*A vV B < (A A B)
V(—|A/\B)V(A/\ —|B)

6: Implication partitioning

V A,B:Boolean ®*A = B <& —A V
(A~ B)

2.3 VDM Specification

VDM (Vienna Development method) owes its existence to the IBM laboratory in

Vienna. VDM is a formal method for the description and development of computer

systems. Its formal descriptions or specifications use mathematical notation to
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provide a precise statement of the intended function of a system [26]. Such
descriptions are built in terms of models of an underlying state with a collection of
operations. VDM specification uses logic of propositions for specifying the rule of
inferences, without any additional hypothesis. VDM specifies the propositional logic
to substitute for arbitrary expressions in a clear and precise manner.

The Vienna group creates an operational semantics approach capable of defining
the whole of PL/I language. This meta language forms the part of VDL (Vienna
Definition Language). The attempt to use VDL definition in requirement specification
and design, showed that the operational semantic approach used in the VDL could
complicate formal reasoning in an unnecessary way, which makes the process more

complex, as compare to other formal specification languages.

2.4 Test case Generation from VDM Specification

Dick and Faivre in [31] demonstrate that, by rewriting the precondition and
postcondition of a VDM specification to Disjunctive Normal Form (DNF), much of
the partitioning process can be automated. They also describe a technique for
extracting a finite automaton (FA) from the specification; the FA can be used to drive
test execution. It consists of, generating abstract finite state automata from the formal
model by partition analysis of the state space and operations. and selecting test cases
as path in the FSA using various test selection criteria like all-transitions or all-
transition-pairs.

The four steps in test case generation from VDM specification are:

e Extraction of definitions by collecting all parts (precondition, postcondition,
invariants);

e Unfolding of all definitions (in case of recursive definitions the unfolding is
limited to some predefined limited number);

e Transformation of the definition to DNF to get the disjoint sub-domains; and

e Further simplification of each sub-domain.
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2.5 B machine Specification

B is a formal method for specifying, refining and implementing software. B is
a formal method that allows us to produce proof obligations that demonstrate
correctness of the design and the refinement. The main idea of B is to start with
abstract model of the system under development and gradually add details by
building a sequence of more concrete models. A B development process creates a
number of proof obligations, which guarantee the correctness of B specifications.
Proof obligations can then be proven by automatic or interactive prover. The goal of

B is to obtain a proved model [27].

A B machine is conceptually not very different from an object (a single instance of
a class) or a module. That is, it defines some private state plus several public
operations that manipulate and access that state. The B abstract machine notation is a
textual notation. The structure of the machine is a series of clauses; the common B
clauses are summarized in table 2.2. The full B notation also allows parameterized
machines and several kinds of import. We now briefly describe the purpose of each

clause.

The MACHINE clause contains the name of the machine. This is similar to the
name of a class in Java. The SETS clause is for defining data types that the machine
will use. We give the name of each data type and if it is a finite enumerated type, we
can list all its members.

Table 2.2 Structure of B machine.

MACHINE
name
SETS
basic_types
CONSTANTS
constant names

PROPERTIES
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properties_of constants
VARIABLES

variable names
INVARIANT

properties of variables
INITIALISATION

initial state
DEFINITIONS

macros
OPERATIONS

operations

END

The CONSTANTS clause contains the names of any constants used in the machine.
The PROPERTIES clause specifies the values of those constants. The VARIABLES
clause specifies all the data variables of the machine, and The INVARIANT clause
specifies the allowable range of each variable, plus any constraints between the
variables. To be more precise, for each variable v in the VARIABLES clause, the
INVARIANT must contain a conjunct of the formv €S or v < S. But it typically also
specifies relationships between variables. The INITIALISATION clause is a set of
parallel assignments, giving a value to each state variable.

The OPERATIONS clause defines all the operations of the machine. Some of these
will be query operations, which return a value but do not change the state variables.
Other operations will be update operations, which do change the state variables. The
behavior of each operation is specified by a precondition, which says what input
values are allowed, and a substitution, which is a set of parallel assignments. These
assignments must update all the output variables of the operation and may also update
some of the state variables.

To enhance expressiveness, there are several conditional constructs, like IF-THEN-
ELSE and CASE statements, which allow us to specify conditional updates.

However, no looping or sequential composition is allowed in B machines, and a given
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variable cannot be updated twice in parallel. These restrictions mean that every
execution of an operation updates each variable at most once. This makes the

operations easier to update the state variables and for test case generation.

2.6 The B Toolkit

The B notation includes a large toolkit of data structures for use within machines,
including sets, relations, functions, sequences, bags or multisets and trees. These data
structures make it possible to represent complex information and the data structures
of the application at an abstract level. The goal of using these high-level data
structures is to write a clear, simple, and abstract behavior model. In this chapter we

explore a brief introduction to the B notation for logic, sets, relations, and functions.

2.6.1 Logic

B has the Boolean operators that most programming languages have, such as
conjunction, disjunction, and negation, plus equality and inequality on all types of
data, and the usual integer arithmetic operators. It also provides logical implication

and equivalence operators. The main logical operators are summarized in Table 2.3.

Table 2.3 Logical Operators in B

ASCII Typeset Name True when.

P&Q PAQ conjunction P and Q are both true

PorQ PvQ disjunction At least one of P, Q is true
not(P) =P negation P is false

P=>Q P=>Q implication =P)vQ

P<=>Q P<=>Q equivalence (PAQ)Vv (2P Az=Q)
E=F E=F equality E and F have the same value
E/=F ExF inequality E and F have different values
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When we have a large data structure, or one that varies in size, and we want to say
something about all the elements, then we can use the universal quantifier. This is
written as !x.(x:S => P), or VXx.(x € S =>P) when typeset, and is true when the
predicate P is true for every x € S. Similarly, if we want to search a data structure, or
say that it is possible to find a solution to some problem, we can use the existential
quantifier. This is written as #x.(x:S & P), or 3x.(x € S A P) when typeset, and is

true when there is at least one member X € S that makes the predicate P true.

2.6.2 Sets

Sets are collections of elements of the same type, without repetition. They are not
ordered. They are written using braces, { }. For example, the set of prime numbers
less than 10 can be written {2, 3, 5, 7} or {2, 5,7,3} oreven {2,2,3,5,7,7}. These
are all equivalent to {2, 3, 5, 7}.

We call the number of elements in a set its cardinality, written card(S). Elements
of a set can be numbers, enumerated values, for example, the set of primary colors
{red, yellow, blue}, or even sets. Set operators include the familiar operators such as
union, written \ in the ASCII form of B, or U when typeset, intersection (/\ or N),
and subtraction (-).

In addition to equality and inequality, there are several Boolean operators on sets
to allow us to check their members. The membership operator is written E: S, or Ee
S when typeset, and is true when the value of E is one of the elements of S. The non-
membership operator, written E /: S, or E ¢ S when typeset, is the logical negation of
membership, so it is true when the value of E is not one of the members of S.

The subset operator is written S <: T, or S < T when typeset, and is true when

every member of S is also a member of T. Thatis,S ¢ T < VXx.(XeS = xe T)

Table 2.4 Set Operators in B

Operator Meaning

{} empty set

{E, F} set enumeration
card(S) cardinality
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S*T cartesian product

SVT set union

SAT set intersection
S-T set difference

E: S member of

E/:S not member of
S<T subset of

S/<:T not subset of
S<<:T strict subset of
S/<<:T not strict subset of

2.6.3 Relations

We need to define various kinds of relationships between two collections. For
this, we use relations, which are sets of pairs. A pair is written ¢ |-> d, or c+ d in
typeset format. This pair associates the elements ¢ and d. Note that ¢ and d may have
different types. For example, the pair 3+ red links the integer 3 with the color red.
The first element of a pair is called its antecedent, and the second element is called its
image. So in the pair 3+ red, 3 is the antecedent and red is the image of the pair.

A set of pairs between two sets is a relation. The set of possible relations from a
set A to a set B is written A <-> B, or A«<>B when typeset.

The domain of a relation R, written dom(R), is the set of all the antecedents of R.
The range of a relation R, written ran(R), is the set of all the image elements of R.

The domain restriction operator, written S <| R, or S < R when typeset, selects
from the relation R those pairs whose antecedent belongs to the set S. A variant of
domain restriction, called domain antirestriction or domain subtraction, is useful
when you want to select the pairs whose antecedents are not in S. This is written S <<|
T, when typeset. The range restriction operator, written R [> S, or R > S when
typeset, is used to select from the relation R those pairs whose image belongs to the
set S. And of course, there is also a range antirestriction (or range subtraction)

operator, R |>> S.
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Table 2.5 Relational Operators in B

Operator Meaning

S<->T relation

E|->F maplet

dom(r) domain of relation
ran(r) range of relation
1d(S) identity relation
S<|r domain restriction
S<<|r domain subtraction
>S range restriction
>>S range subtraction
r~ Inverse of relation
r[S] relational image
rl<+r2 right overriding

2.6.4 Functions

Functions are just a special case of relations. They are the many-to-one and “one-
to-one” relations—that is, the relations in whom each element of the domain is
mapped to at most one image element. Functions are very common in B machines
because they provide a powerful way to express a relationship between two sets.
They can be used to model arrays, maps, permutations, and many other functional
relationships.

We use the two most common kinds of function, which are partial functions and
total functions. The difference is that a total function maps every element of its input
type to some value, whereas a partial function may leave some elements undefined.
Since functions are relations, they are sets of pairs, so we can use all the set and
relation operators to define and manipulate functions. For example, the dom operator
tells us all the input values of the function, and the relational override <+ operator

allows us to update the function.
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Table 2.6 Functional Operators in B

Operator Meaning

S+->T partial function

S-->T total function

%x.(x:T|E) lambda function with input x and output E
f(E) function application

2.7 Test case Generation from B Specification

In a research by Lionel Van Aertryck and Marc Benveniste et al. in [35], they
proposed a method known as CASTING, a Computer Assisted Software Test
Engineering method for test case generation from B formal specifications. They
suggests a layered architecture consists of the “administrator layer”, which provides
configuration features, and the “user layer”, which properly assists test designers in
generating test suites from a given input text. Test generation is decomposed into two
main stages in CASTING: the extraction of test case specifications, tcs, and the
generation of test suites from tcs.

Extraction stage: The starting point of the process is the test intention that the tester
may have in mind. An example of test intention for a B specification can be
expressed as follow “Find test data for each case in the disjunctive normal form of the
precondition of each operation” [32]. The extraction process applies a given strategy
to the input formalism yielding a set of tcs. A tcs is a triple (E; C;, C,) where:

e E is the name of a functional entry point description of the unit under test (an

operation in B, a function in C),

e (;is a set of constraints on its input variables and state variables before execution,
e (, is a set of constraints on its output variable and state variables after execution.
Constraints are expressed in first order predicate logic. Each triple (E, C;, C,) can be

seen as a test case in symbolic form.

31



Generation stage: The generation process derives a collection of test suites from the

set of tCs. A test suite is a sequence of the unit under test together with the predicates

that must be satisfied by the resulting output. In order to build valid test suites, a

symbolic graph is generated from the tcs. The paths in this graph are symbolic

representations of the possible test suites. Then, a selection of paths is done and

values are given to the variables to obtain the test suites. Due to the particular

algorithm used to generate and select the test suites, this collection of test suites

fulfils the following requirements:

e FEach tcs must be covered by the derived test suites.

e Each test suite is an authorised (according to the input document) sequence of
functional entry points.

This stage is carried out through a call to a constraint solver with an appropriate

solving strategy in order to verify that tcs are covered by test cases.

In [36], Manoranjan Satpathy et al. adapt the abstraction refinement techniques of

Clarke et al. [37] for systematic generation of model based test cases. They
approximate a formal model by a more abstract finite state machine. From the finite
model, they obtain probable test cases through model checking, and then a guided
symbolic execution is performed over the given formal model to check if this is a real
test case. In case of a failure of test case, the finite abstract model is refined and the
cycle is repeated to check until the test cases are able to detect faults.
A combination of the CEGAR approach [37] and the partition refinement technique
[38] will be used to obtain model based test cases for the B models. This approach
replaces all operations in the given B model by operation instances; obviously it does
not alter the behavior of the B machine. And the testing criterion is to obtain test
cases along with expected outputs for each operation instance. The B model so
generated will be treated as the concrete model in the CEGAR approach that they
intend to use. So they will obtain a model which would be an abstraction of the
concrete model. Then the CEGAR approach will be applied, and when there is a need
to refine the abstract model, this will be done by partition refinement. The concrete
counterexamples, so obtained, will be the test cases.

Algorithm for Customization of Abstract model:
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customize abstract(A, OP(X)) {

//A: Abstract model; LO is the lone state

create a new state STOP; pred(STOP) = true;

remove the self loop with label OP(X) from A;

add a new transition (L0, OP(X), STOP) to A;

add loops to STOP for each operation in original A;

}
Every node in the abstract state stands for a set of states in the concrete model, and all
the concrete states mapping to an abstract state constitute one equivalence class. Each
state in the abstract state is identified with a predicate. They use the following
notations for describing model and its refinement. If S is a state (or a node) in the
abstract model, pred(S) corresponds to the state predicate. For a B operation
invocation OP(X), pre(OP(X)) denotes the operation precondition, and body(OP(X))
denotes the substitution corresponding to the operation call. The variable X sitting in
place of the actual parameter of OP( ) can be instantiated; for multiple parameters,
there are multiple variables. If P is a state predicate in the abstract model, then the
weakest precondition due to the application of OP(X) is denoted by wp(P,
body(OP(X))). An edge in the abstract model with the label (s, OP(X), t) would mean
that the invocation of a call to OP(X) at source state s has led control to the target
state t.

In research by Nikolai Kosmatov et al. in [39, 40], proposed BZ-TESTING-
TOOLS (BZ-TT) for generating tests from formal specifications. They proposed
model-based coverage criteria, based on formalizing boundary-value testing
heuristics. This criteria form a hierarchy of data oriented coverage criteria, and can be
applied to any formal notation that uses variables and values for representing system
states.

The BZ-TT method consists of testing all the possible behaviors of the system when
it is in a boundary state of its subdomains. This test generation process is fully
supported by the BZ-TT tool-set. The behavior of the system on the points of a
subdomain is defined by a predicate which is called an effect predicate. One effect

predicate defines one behavior of the specification. An effect predicate contains two
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parts: the conditions on input and state variables defining the subdomain (before
part), and the predicates defining the system behavior on this subdomain (after part).
The precondition of the operation is included into the first part of the effect predicate.
In the BZ-TT approach, the first step consists in partitioning each operation of the
formal model to compute these effect predicates [33, 34]. This partition analysis is
similar to the DNF analysis. An effect predicate corresponds to a disjunct of the
whole formula for each operation. The formula, representing the DNF of the
operation, is computed by introducing some optimizations to control the
combinatorial explosion underlying to the DNF partitioning. Basically, this partition
analysis consists of unfolding predicates along branches, and introducing primed
variables to denote the after values. Each computed before-after predicate constitutes

one effect predicate.

An effect predicates PS; has the form:
PS;=j A Before; A After;
where j, Before; and After; denote the invariant properties, the before and after

predicates of the effect i. The domain of the effect predicates PS; is defined by j A

Before;j,
Let x1, X9, ..... Xy be the state and input variables and I be the set of all the elements
(X1, X2, ..... Xp) satisfying the invariant j. If €© is the Before part of an effect

predicate, the set D defined as a subset of [ by € is:

D= { (X1, X2,----- Xp) €1 | (X1, X2,..... Xp) satisfies € }
will be called the domain of this effect predicate. So the boundary values of a
predicate can be defined by its domain. The assumption in this approach is that all of
the domains are bounded. For D < Z n, it is equivalent to saying that the set D is

finite. The criteria and results in the above approach make sense for closed

continuous domains as well as for discrete domains.
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Chapter 3: Problem Statement

 —————— )

Problem statement describes the gap in the existing work and problem
formulation. The Gap in existing work shows, what the limitations are in the existing
work and which technique they used. In problem formulation, we give appropriate
solution to solve the existing problem and suggest the novel work.

In previous chapter we have seen various approaches for test case generation from
various formal model based specifications like Z, VDM and B. We found that Z and
VDM specification are not as efficient as B for test case generation. Reasons for
using B formal specification in proposed work for test case generation as compared to
Z and VDM specification are:

e Z is primarily a specification notation, whereas B is a complete method that
covers the whole lifecycle, including specification, refinement, and code
generation.

e For specification Z is not as flexible as B notation, since schemas cannot be used
in many different ways, whereas the B specification constructs are more tailored
to specifying machines and to supporting refinement.

e Z specification is not flexible for specifying states of a system. In Z, the schema
calculus is typically used to incrementally build a state space schema, an
initialisation schema, and several operation schemas, but there is no language
construct which directly defines a state machine. In contrast, B has no schema
notation, but provides a abstract machine notation for specifying state machine,
with many ways of layering and combining machines.

e Z specifies operations in different ways and has no provision for specifying non-
determinism. In Z an operation schema contains a single predicate which relates
the input and output, whereas in B, an operation is specified by a precondition and
postcondition or generalised substitution predicate which updates the states. The
generalised substitution notation in B includes constructs for assignment, choice,

parallelism and non- determinism.
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There is a constraint in Z specification, the invariants are to be included in every
operation, whereas in B, the operations are specified independently from the
invariants and there is a proof obligation to show that each operation preserves the
invariant.

The greater programmatic feel of the B notation is increased by the use of
generalized substitutions, as opposed to VDM’s relational conditions. It’s more
convenient to give greater algorithmic detail in the B machine, and is more useful
for the development of algorithms.

The use of invariants in operation definitions differs in both VDM and B. In B,
post conditions (in the form of generalized substitutions) have to be written so as
to ensure the maintenance of the invariant. In VDM the state invariant is
effectively part of the state typing information, and as such is assumed to be
maintained in addition to the postcondition.

The read and write frames are given explicitly in a VDM operation, whereas in B
the variable access and modification is implicit in the form of the generalized

substitution.

3.1 Comparison of Test Generation from Z, VDM and B Specifications:

operation. Each tree

node specifies a set of

boundary values for each

variable V. So for each

Z B VDM
Method Test Template B Testing Tools (BTT)
Framework

1. This framework | The BTT uses constraint | Extraction  of
Selecting manually defines a tree | logic programming solver | definitions by
Test Data of possible tests for each | (CLPS-B) to analyze each | collecting  all

operation of a system. | atomic predicate P in the | parts such as

The root of the tree is | specification. Then the | precondition,

valid input space of the | CLPS calculates a set of | postconditon,

and invariants.

By  rewriting
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input values, called test
template, and is written
as a Z schema, and are
test cases in form of

formal notation.

state  variable in the
specification, we obtain a
set of all its boundary

values.

the pre & post
conditions of a
VDM
DNF.

nto

Test

Cases

In TTF, children’s of a
node are generated by
applying a test strategy,
partition

which

such as
analysis,
partitions a

into DNF, & tests each

predicate

disjunct. Leaves of the
tree specify the actual
tests to be performed on

operation.

After the predicate P has

put into the CLPS-B

solver, it calculates a set of
Lim(P, V) for each
variable V. So for each
variable in the B
specification, we obtain all
its  boundary  values,

Lim(V) = U, Lim(P,V)

After
Transformation
of the VDM
specification to
DNF, we get
the disjoint
sub-domains,
represents test

cascs.

3.
Sequencing

of Tests

Sequencing of Tests was
not originally addressed
by TTF. No algorithms
or heuristics was defined
for test sequencing. Later
sequencing was done
manually by the test

template framework for

Z specification.

To take the SUT from
initial state to boundary
state, for each state
variable V, & each of its
boundary values L €
Lim(V), the B
specification is executed
symbolically using the
CLPS-B solver, to find the
sequence of operations
that reaches a state where

V=L is true.

No sequencing
is performed in
test case
generation

from VDM

specification.
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4. Oracles are generated by
Generating | conjoining, each leaf
Test with the original
Oracles operation schema, which
is then projected onto

the output variables.

The expected output of
each operation, Op is
obtained from the CLPS-B
solver during the above

simulation of Init : P : Op.

By extracting a
Finite automata
(FA) from the
specification;

the FA can be

used to drive

results.

test execution

3.2 Gaps in Existing Work

Test case Generation from Z Specification: In generating test cases from Z
specification, the boundary states calculated by test template framework are specific
to each operation. So it generates less number of test cases required to test
requirements behavior. Also in a system with complex state space, there are several
operations that need to be tested on the partitions of that state space, which results in
duplication within the TTF trees for those operations, because the same state-
partitioning subtree must be derived for each operation. TTF builds the entire state
machine before testing commences and does not address the instantiation of leaves in

subtree.

Test case Generation from VDM Specification: In generating test cases from
VDM specification, only the test generation process was defined, but only partition
analysis was automated. At the first step of finite state automata generation, there is
possible state explosion and the non- discovery problem which makes it difficult to
determine all the FSA states and transitions. At the second step, there is also the
problem of finding the shortest sequences of operations which cover all the

transitions of the FSA.
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Test case Generation from B Specification: In test case generation from BZ-
Testing Tools, the tool does not provide the complete coverage of the model. Also in
computation of boundary goals in BZTT, we need a stronger reachability test before
beginning the effect- predicate computation. The BZTT tool does not address the
issue of reachability of each boundary goal in test case computation. Also the
computation of effect-predicate using disjunctive normal form partitioning is very

complex in BZTT.

3.3 Problem Formulation

Testing requirements is major issue in software testing for verification and
validation of the system under test. By testing requirements we can reduce the costs
to detect and remediate defects in later stages of development, also it reduces the time
to deliver the software. The approaches we investigated for test case generation from
B machine specification in chapter2, in order to test requirements, do not address the
issue of coverage of the requirements, described in a B behavioral formal model. In
proposed approach, for complete coverage of the requirements, in test case generation
from B specification, we annotate all the requirements for the system under test in the
Atelier-B Tool, which provide help in later stages to detect which requirements are
yet to be tested and which are covered by generated test cases. Pro-B tool is used for
model checking of B specifications to randomly animate our specifications.

Proposed approach addresses the reachability issues by producing the coverage
matrix between the informal requirements and the B formal model specifications. In
proposed approach, we extract the invariants and postconditions of our specification,
parse them in a general form, and apply test selection criteria to obtain test cases for
each of our test objective. Parsing of our specifications in a generalized form enables
later to change test selection criteria, to cover different parts of the model. Proposed
approach uses B specifications in order to remove syntax errors by type checking,
automatic refinement, generating proof obligation, and automatic and interactive

animation of our specifications.
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Chapter 4: Testing Functional Requirements using B

Model Specifications
=

4.1 Methodology

As we investigated in chapter 3, B specification are more appropriate for
specifying abstract machines and for supporting refinements, so in this section we
present an approach for testing functional requirements of the system based on the
specification provided by B formal machine model. In proposed approach we
generate test cases, for the purpose of verification of requirements. The approaches
used for test case generation from B model specification, does not provide complete
coverage of the requirements in the model. In proposed approach, we use All-
requirements coverage criteria; this criterion requires that all requirements are
covered in the test suite. For this, we record all the requirements inside the B formal
behavioural model, as annotations on various parts of the model, so that the test
generation process can ensure that all requirements have been tested.

We now describe all of the steps in our approach in test case generation for testing
functional requirements, in order to provide complete coverage of the requirements.
We also describe a case study, System Process Scheduler, in which we tests all
requirements for the scheduler. Figure 4.1 shows all of the steps in our proposed
methodology.

Informal requirements: The proposed system takes informally stated
requirements as input for test generation. Informal requirements for the system under
test are specified in the English textual notation. These requirements describe the
detailed test objectives for the system to be tested. These requirements provide the
scope of the system, and dictate which aspects of system are important to test and
which can be omitted. We considered to test only the functional requirements of the
system to be tested.

Requirements Annotation in B Model: In this step informal requirements are
transformed into B formal model notations. Since B provides a rigorous structure
constructs, which makes it possible to represent complex information and the data
structures of the application at an abstract level. Atelier-B tool is used for describing

informal English language requirements in a formal set theory notational form which
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removes inconsistencies, ambiguousness and informality in requirements. The tool
provides requirements to be annotated with requirement identifiers, which provide

help in later stages to detect which requirements are tested or not.

Informal
Requirements

Requirements
Annotation in B Animation
Model Pro-B- N ,| Files
Animating
Tool

\ 4

Verification and Animation of B
Notations.

* mch
Files

Atelier- B
Validating
Tool

A 4

Test Case Generation
Framework

4

Test Cases

Fig.4.1 Test case generation in proposed methodology.

Verification and Animation of B Specification

In proposed work, Atelier-B tool is used for type checking, automatic refinement
and generating proof obligations in order to remove syntax errors. We used ProTest-B
tool, which provides automatic test environment for B specifications. ProB is an

animator and model checker for the B specifications. It allows fully automatic
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animation of B specifications, and can be used to systematically check a specification
for errors. ProB is used to animate the B specification, either interactively or
automatically. We used it to systematically model check a B specification for errors.
ProB covers B notation, such as non-deterministic operations, ANY statements,
operations with complex arguments, sets, sequences, relations, functions,
abstractions, set comprehensions, constants and properties, for interactively animating

and proving correctness of the components used.

Test Case Generation Framework
In proposed approach we extract the pre and post conditions of B specifications
from the *.mch file in Atelier-B, then we parse the B constructs in a generalized

form. Then according to our test selection criteria, we cover all paths of our model.

Test selection: Test selection criteria and the parsed syntax of B formal
specifications are provided to the test generation framework to generate a set of test
cases, for each desired test objective. We take decision coverage as our test selection
criteria, as we want each Boolean decision in our model to be tested with a true and a

false outcome.

Test Generation: Each generated test case with proposed approach for testing
requirements is a sequence of operation calls. The test cases generated are the
concatenation of four subsequences as in ISO [9646] standard: Preamble sets test up,
getting the SUT into the correct state to run the test, Body is the test’s main part,
often a single call to the operation being tested, Observation, also called the
verification or identification sequence, checks the test results and tries to ensure that
the SUT is in the correct state, and Postamble takes the SUT back to initial state, in

order to start the next test.
Coverage Matrix: In order to trace the coverage of all the requirements in our

specification, we create coverage matrices between the informal requirements and the

generated test cases.

42



4.2 Experimental Results:

Process Scheduler is used as an example for demonstrating test case generation
for testing functional requirements of the Scheduler.
Informal Requirements for Process Scheduler

Informal requirements for the scheduler provide the detailed understanding of the
working of the system, i.e. what the system does, how it performs its functions, what
output it should produce under normal circumstances and what under exceptional
cases. The informal requirements we consider here are the major requirements for the
scheduler. These informal requirements specify which requirements are most critical
to test, and which are less important in system development.

A process executing on a CPU is defined by its code, or program, and by the
contents of its working space such as, data, stack, etc. When several processes can be
executed at the same time, they are activated in turn, with each process following the
life cycle shown in Figure 4.2. At any one time, the system may have some processes
ready to be scheduled; some processes waiting for some external action before they
become ready, for example a process waiting for an input-output request to complete;
and a single running process.

The system must respect the following requirements. To make it easy to refer to these
requirements later, for the purpose of coverage of requirements, we label each
requirement with a requirement identifier such as [REQ1], [REQ2] and so on. The

Atelier-B tool annotate requirements in form of /*@REQ: Requirement_id @*/.

*  Each process is identified by a unique process identifier (ID) ----------- [REQ1].
This requirement states that, all the processes running in the system must have its
unique identity.

* The only time there is no running process is when there are none ready to be
scheduled. e [REQ2].
This requirement state when there is no process in the ready state, then there will
be no running process in the system.

* The initial state of the system is idle and empty of processes ------------- [REQ3].
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Fig 4.2 Process life cycle within Scheduler.

The scheduler has six operations to perform:

1. create(pro), create operation, which introduces a new process pro into the system,

putting that process into a JobQueue and in created state. ~ -------------- [REQ4].
This operation may throw the following exceptions:
» MemoryFull when all the possible processes have already been created -[REQ5].

» AlreadyExists when the process pro already exists in the system ------ [REQ6].

2. deletepro(pro), delete operation, which delete/erases a running process pro from

the system and move that process in terminated state. =~ -------------- [REQ7].

This operation may throw the following exceptions:

» UnknownProcess if pro is not a known process [REQ8].
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* BusyProcess if process pro is running or ready [REQQ9].

. admit(pro), a admit operation is called when a process has finished waiting and is
now ready to execute, for example, when a disk read request has been satisfied or

a user input event becomes available. It moves the waiting process into a ready

state, when the process has finished its waiting work [REQ10].
or directly into the ready state, when the process is newly created. ------- [REQI1T].

It may throw the following exceptions:
» UnknownProcess if process pro is not known to the scheduler ---------- [REQ12].
* BusyProcess if process pro is in a running or ready state rather than a waiting

state. [REQ13].

. swap operation, swaps the currently running process out and replaces it by a ready

process. [REQ14],

or leaves the system idle if there are no ready processes ----------------- [REQ15].

If swap is called when there is no running process, which means that there are also

no ready processes, it does nothing. [REQI16].

. Interrupt(pro), interrupt operation, which moves a running process pro into a ready
state, for example, suppose a process is executing and suddenly someone presses
any control button then the currently executing process moves into a ready queue,

waiting again to be assigned for execution. [REQ17].

It may throw the following exceptions:
» UnknownProcess if process pro is not known to the scheduler ---------- [REQ18].

* NoActiveProcess if process pro is not in a running state. ---------------- [REQ19].

. A status(pro) operation can be called to determine the status of a known process
pro. The status operation displays all of the created, admit, running, waiting and

terminated processes in the system. [REQ20].
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To design the process scheduler, we must decide on the scope of the model and
which aspects are most important to test and which can be omitted. To do so, we first
decide the test objectives for process scheduler, then the signatures of the operations
in the model, the state variables of the model and their data types, and finally the pre

and post conditions of each operation.

For the first step, our test objective is to test the functional correctness of the
scheduler, leaving the real-time aspects of the system.

For the second step, the signatures of the operations in the model, we want to test
all six of the scheduler operations. We also model exceptions by adding an output
parameter to each operation that may throw an exception. This output parameter will
be OK when the operation does a normal return, i.e. no exception or otherwise the
name of the exception thrown by the function called, e.g., UnknownProcess,
BusyProcess, AlreadyExits, NoActiveProcess etc.

The third step is to design the data structures of our specification. Each process is
modeled by its identifier. We can now design the data parts of our specifications, by
defining sets, constants, variables, and their data types. The most important structure
is the scheduler variable, which is a partial function from ID to STATE. The
scheduler variable is a partial function because only the known processes need to
have a status, processes that have not yet been created with create operation will not
appear in the scheduler data structure.

The last step is to write the body of each operation. That is, we design the
functionality of each operation by transforming the informal requirements for the

operation into precise preconditions and postconditions in B.

We now write in detail the specifications of all the operations create(pro),
deletepro(pro), admit(pro), swap(pro), interrupt(pro), status(pro) of process scheduler
containing sets, variables, invariants, and initialisation. Each operation modeled in
Atelier-B creates its own .mch file, which contains the detailed structure for each
operation. Fig.4.3 shows Atelier-B tool displaying sets, data and create operation for

Process Scheduler.
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File Process.mch: This file contains the descriptions of sets, variables, invariants,

and initialization and create operation constructs in B specification.

We add an invariant to restrict the number of running processes to at most one; the

scheduler > {Running} operator extracts just the Running processes out of the

scheduler function:

card(scheduler |> {Running}) <=1

and another invariant to make sure that the CPU is kept busy, as REQ2 says if there

are no running processes, then there must be no ready processes:

(scheduler [> {Running} = {} => scheduler |> {Ready} = {})

File Edit View Search Help
a00 40000
Process

%)

MACHINE

Process
SETS

ID = {prol,pro2,pro3,pro4,pro3,prob};

QUEUE = [JobQueue, ReadyQueue, DeviceQueue};

STATE = {Created,Ready, Running, Waiting, Terminated};

EXCEPTION = {OK,MemoryFull,AlreadyExists,BusyProcess, UnknownProcess, NoActiveProcess}
VARTABLES
INVARIANT

scheduler, queue

queue : ID <-> QUEUE &

scheduler : ID +-> STATE /*@REQ: REQIE*/ &
card(scheduler |> {Running}) <=1 &
(scheduler|>{Running}={} => scheduler|>{Ready}={})
INITIALISATION

/*BREQ: REQ2E@*/

queue :={} || scheduler := {} /*EREQ: REQ3@*/
OPERATIONS
exception <-- create(pro) =
PRE pro : ID
THEN /*? Is memory already full? 2%/
IF dem(scheduler) = ID THEN
exception := MemoryFull /*@REQ: REQS@E*/
ELSE /*¥? pro must not already exist 2%/
IF pro : dom({scheduler) THEN
exception := AlreadyExists /*@REQ: REQ6R*/
ELSE /*@BEGIN REQ: REQ4@*/
exception := 0K ||
scheduler (pro) := Created ||
queue(pro) := JobQueus /*@END REQ: REQ4E¥/
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Figure 4.3 Process Machine Structure in Atelier-B.
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MACHINE
Process
SETS
ID = {prol, pro2, pro3, pro4, pro5, pro6};
QUEUE = {JobQueue, ReadyQueue, DeviceQueue};
STATE = {Created, Ready, Running, Waiting, Terminated};
EXCEPTION = {OK,MemoryFull, AlreadyExists, BusyProcess, UnknownProcess,
NoActiveProcess};
VARIABLES
scheduler, queue
INVARIANT
queue : ID <> QUEUE &
scheduler : ID +-> STATE &
card(scheduler > {Running}) <=1 &
(scheduler |> {Running}= {} => scheduler |>{Ready}={})
INITIALISATION
queue := {} || scheduler := {}
OPERATIONS
/*? This operation introduces a new process in created state. pro is the new
process which is created and placed in jobqueue. Exception generated is: OK or

MemoryFull or AlreadyExists ?7*/

exception <-- create(pro) =
PRE pro: ID
THEN
/*? If memory already full? ?*/
IF dom(scheduler) = ID THEN
exception := MemoryFull
ELSE
/*? pro must not already exist ?*/

IF pro : dom(scheduler) THEN
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exception := AlreadyExists

ELSE
exception := OK ||
scheduler(pro) := Created ||
queue(pro) := JobQueue

END

END
END
END

File delete.mch: This file contain the description of the deletepro operation. The
deletepro operation deletes a process (pro) from the system, when it has finished
executing and changes the process state to terminated. The exception generated in
deletepro operation is OK or BusyProcess or UnknownProcess. Figure 4.4 shows
deletepro operation in B specification constructs.
OPERATIONS
exception <-- deletepro(pro)=
PRE pro:ID
THEN
IF pro /: dom(scheduler) THEN
exception := UnknownProcess
ELSE
IF scheduler(pro) /= Waiting THEN
exception := BusyProcess
ELSE
exception := OK ||
scheduler := scheduler - {pro |-> Waiting} ||
scheduler(pro) := Terminated ||
queue(pro) := queue(pro) <<| ReadyQueue
END
END
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scheduler (pro) := Terminated || & queue
queue (pro) := gqueue(pro) <<| ReadyQueue /*BEND REQ: REQTE*/ INVARIANT
END INITIALISATION
END 4 OPERATIONS
END  deletepro
[ END H B N
Line: 25 Column: 62 |
= = = ———
oy HAY ” "t - Belier 8 delete™- AtelierB | T amitmainnew [C.. | 1! Untitled - Paint Be <O W0 00

Figure 4.4 delete.mch file in Atelier-B.

File admitoperation.mch: This file contains the description of the admit operation.
The admit operation moves a waiting process pro into a ready state, when the process
has finished waiting. Also after creation of new process, pro moves to ready state.
Figure 4.5 shows admit operation in B specification constructs.
OPERATIONS

exception <-- admit(pro) =

PRE pro:ID

THEN

IF pro /: dom(scheduler) THEN
exception := UnknownProcess

ELSE
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IF scheduler(pro) /= Waiting THEN
exception := BusyProcess
ELSE
exception := OK ||
IF Waiting : ran(scheduler) THEN
scheduler(pro) := Ready ||
queue(pro) := queue(pro) <<| DeviceQueue
ELSE
scheduler(pro) := Ready ||
queue(pro) := queue(pro) <<| JobQueue
END
END
END

(ﬁ ;dmitoperat'

File Edit View Search Help

A0 0000

Process | delete® | admitoperation™ & Bsymbols B X
MACHINE admitoperation = [ Description A 4
SETS ID = {prol,pro2,pro3,pro4,pros,proé}; Functions and relations ‘=
QUEUE = {JobQueue, ReadyQueue, DeviceQueue}; 4 Partial function s 1
STATE = {Created,Ready, Running, Waiting, Terminated}: - Total function S ||
EXCEPTION = {OK,MemoryFull,AlreadyExists,BusyProcess,UnknownProcess,NoActiveProcess} + Partial surjection 4
VARIABLES scheduler, queue -+ Surjection hdd
INVARTANT queue : ID <-> QUEUE & h Lambda function %
scheduler : ID +-> STATE /*BREQ: REQIE*/ & o Override “
| card(scheduler |> {Running)}) <= 1 & 3 : ;Eo‘:‘:i:substraction ::l
(scheduler|>{Running}={} => scheduler|>{Ready}={}) /*@REQ: REQ2@*/ + Domain restriction J
INITIALISATION  queue :={} || scheduler := {} /*BREQ: REQ3E*/ 4 Pattial injection .
OPERATIONS. ) = Total injection b
exception <-- admit(pro) = w Partial bijection 2433
PRE pro : ID “ﬂ Tatal “-“ v -
THEN IF pro /: dom(scheduler) THEN
exception := UnknownProcess /*@REQ: REQIZE¥*/ — outline 8 X
ELSE
4 MACHINE

IF scheduler(pro) /= Waiting THEN

‘
exception := BusyProcess /*@REQ: REQL3E*/ , SEISU admitoperation
ELSE exception := OK || 8D
IF Waiting : ran(scheduler) THEN g QUEUE
scheduler (pre) := Ready || /*@REQ: REQLOG*/ & STATE
queue {pro) := gueue(pro) <<| DeviceQueue & EXCEPTION
ELSE 4 ABSTRACT VARIABLES
scheduler (pro) := Ready || /*@REQ: REQL1@*/ & scheduler
gueue {pro) := gueue(pro) <<| JobQueue & queve
END INVARIANT
END INITIALISATION
END 4 OPERATIONS
& zdmit
END v
END o I ] r| (N

Line:31 Column: 4

7 = - T —— T —— =0 ——————0——————————— — = 5 -
f: HA2Y ™ "ODeigning... | € Laboratory... 1" Atelier B ] admitoper.. | amitmamn.. |\l Untitled-.. | W B Hroces-. | «<H30 W 128

Figure 4.5 admitoperation.mch file in Atelier-B.
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File swapoperation.mch: This file contains the description of the swap operation.
The swap operation swaps currently Running process for a ready one. It leaves the
system idle if there are no ready processes. When there is no running process, which
means that there are also no ready processes, it does nothing. Figure 4.6 shows swap
operation in B specification constructs.
OPERATIONS
swap =
IF Running : ran(scheduler)
THEN ANY current
WHERE current: ID & (current|->Running): scheduler
THEN
IF Ready: ran(scheduler)
THEN
ANY pro WHERE pro : ID & (pro |-> Ready) : scheduler
THEN
scheduler := scheduler <+ {pro |-> Running, current |-> Waiting} ||
scheduler(pro) := Running ||
queue(pro) := queue(pro) <<| ReadyQueue
END
ELSE
scheduler(current) := Waiting ||
scheduler(pro) := Waiting ||
queue(pro) := queue(pro) -> DeviceQueue
END
END
ELSE Skip
END
END
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File Edit View Search Help
400 20000
Process | delete® | admitoperation® ‘ swapoperation™ E
MACHINE swapoperation e
SETS ID = {prol,proZ,pro3,prod,pros,pro6};
QUEUE = {JobQueue, ReadyQueue, DeviceQueuel;
STATE = {Created,Ready, Running, Waiting, Terminated};
EXCEPTION = {ORK,MemoryFull,AlreadyExists,BusyProcess, UnknownProcess,NoActiveProcess)
VARIABLES scheduler,queue
INVARIANT gqueue : ID <-> QUEUE &
scheduler : ID +-> STATE /*@REQ: REQIG*/ & |
card(scheduler |> {Running}) <= 1 & 3
(scheduler|>{Running}={} => scheduler|>{Ready}={}) /*BREQ: REQZE*/
INITIALISATION queue :={} || scheduler := {} /*¥@REQ: REQ3@¥/
OPERATIONS swap =
IF Running : ran(scheduler) THEN ANY current
WHERE current : ID & (current|->Running) : scheduler
THEN
IF Ready : ran(scheduler) THEN b
/*@BEGIN REQ: REQL4@*/
ANY pro WHERE pro:ID & (prol|->Ready):scheduler THEN
scheduler := scheduler <+ {pro |-> Running,current |-> Waiting} ||
scheduler (pro) := Running ||
queue (pro) := gueue(pro) <<| ReadyQueue
END /*@END REQ: REQL4@*/
ELSE /*@BEGIN RE(: REQISE*/
scheduler (current) := Waiting || /*GEND REQ: REQLS@*/
scheduler (pro) := Waiting ||
queue (pro) := queue(pro) -> DeviceQueue
END
END
ELSE skip /*@REQ: REQle@*/
END
END

B Symbols

Description
Functions and relations
+ Partial function
= Total function
Partial surjection
Surjection

S
>

i Lambda function
4 Qverride

« Relation

«+ Domain substraction
4 Domain restriction
» Partial injection
»+ Total injection

»# Partial bijection

Trtal hiiertinn
4 In.

Ascii

S

Outline

4 MACHINE
() swapoperation
4 SETS
53]
& QuEE
& STATE
& EXCEPTION
4 ABSTRACT VARIABLES
& scheduler
& quese
INVARIANT
INITIALISATION
4 OPERATIONS

@ swap

¢

Line: 31 Column: 4

~ —_— —
AW 7 "YDesignng.. | ©J Laboratory...  Atelier B ) amitmain...

J swapopera...

——————————
A" Untitled - ... l B Bl process- .

Figure 4.6 swapoperation.mch file in Atelier-B

File interruptoperation.mch: This file contains the description of the interrupt

operation. The interrupt operation moves a running process pro into a ready state.

Figure 4.7 shows interrupt operation in B specification constructs.

OPERATIONS
exception <-- interrupt(pro) =
PRE pro:ID
THEN
IF pro /: dom(scheduler) THEN
exception := UnknownProcess
ELSE IF scheduler(pro) /= Running THEN
exception := NoActiveProcess

ELSE exception := OK ||
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IF Running : ran(scheduler) THEN
scheduler(pro) := Ready ||
queue(pro) := queue(pro) -> ReadyQueue
END
END
END

]

interruptoperation® - Atelier B

File Edit View Search Help

A0 40000

Process | delete™ | admitoperation™ | swapoperation* ‘ interruptoperation™ & Bsymbols A X
MACH].:NE X =t Description Ascii o
interruptoperation Functions and relations [
SETS -+ Partial function 43 [
ID = {prol,pro2,pro3,prod,pros5,proé}; ~, Total function -
QUEUE = [JobQueue, ReadyQueue, DeviceQueue}; % Partial suriection o>
STATE = {Created,Ready, Running, Waiting, Terminated): = Surjection RSN
EXCEPTION = {OK,MemoryFull,AlreadyExists,BusyProcess,UnknownProcess,NoActiveProcess} h Lambda function %
VARIABLES scheduler, queue 2 Override <+
TNVARIANT queue : ID <-> QUEUE & £ © Relation <>
scheduler : ID +-> STATE /*@REQ: REQLE*/ & a Dama?nsub;tractian <q|
card(scheduler |> {Running}) <=1 & N ED:E‘WE:KT‘D" :|+>
(scheduler|>{Running}={} => scheduler|>{Ready)}={}) /*@REQ: REQ2@*/ : T:ta‘lam!?:tiul:n s
INITIALISATION queue :={} || scheduler := {} /*@REQ: REQ3@*/ +» Partil bijection .
OPERATIONS s Ttal hilatinn e T
exception <-- interrupt(pro) = 4/ L | i
PRE pro : ID —|| Outline & X
THEN
IF pro /: dom(scheduler) THEN 4 MACHINE
| exception := UnknownProcess /¥@REQ: REQI8G*/ () interruptoperation
ELSE o SHS
‘ IF scheduler(pro) /= Running THEN XIDUEUE
‘ exception := NoActiveProcess /*@RE(Q: REQL9@*/ gSTATE
ELSE & EXCEPTION
exception i= OK || 4 ABSTRACT_VARIABLES
IF Running : ran(scheduler) THEN & scheduler
scheduler (pro) := Ready || /*EREQ: REQL7E*/ & queue
queue {pro) := queue(pro) -> ReadyQueue INVARIANT
END INITIALISATION
END 4 OPEEJ\'I'IONS
END & interrupt
END L i v
i

Line: 31 Column: 4

— r——— —

* B2 ® " ") Designing Presch... | &) Lahoratory berci.. | telier 8 J interuptoperatio... | T4 amitmainnew[C... '\ Unttled- Pant <FPO0 W 169

Figure 4.7 interruptoperation.mch file in Atelier-B

File statusoperation.mch: The status operation displays all of created, running,
admit, waiting and terminated processes in the system. Figure 4.8 shows the B
specification constructs of the status operation.
OPERATIONS

crd, adt, rng, wtg, trd <-- status =

PRE
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crd <: PID &
adt <: PID &
rmg <: PID &
wtg <: PID &
trd <: PID

THEN
crd := dom(scheduler |> {Created}) ||
adt := dom(scheduler |> {Ready}) ||
rng := dom(scheduler > {Running}) ||
wtg := dom(scheduler > {Waiting}) ||
trd := dom(scheduler [~ {Terminated})

END
END

f statusoperation* - Atelier B
-

File Edit View Search Help

A0 20000

Process | delete™ | 1 | | [§ statusoperation® & BSymhoks 8 x
MACHINE . = Description Ascii
SETSEtatquperatJ.on F“mbma@ relations ‘E
+ Partial function +-2
ID = {prol,proZ,pro3,prod,pros,pro6}; = Total function -
QUEUE = {JobQueue, ReadyQueue, DeviceQueue}; 4 Partial surjection o
STATE = {Created,Ready, Running, Waiting, Terminated}; ~+ Surjection e
EXCEPTION = {OK,MemoryFull,AlreadyExists,BusyProcess,UnknownProcess,NoActiveProcess} A Lambda function %
VARIABLES scheduler, queue | @ Override <+
INVARIANT queue : ID <-> QUEUE & 3 + Relation i

scheduler : ID +-> STATE /*@REQ: REQIG*/ & Domain substraction <<

| card(scheduler |> {Running}) <=1 & ! DUH?IE\T\TERTILT\DH <
(scheduler |>{Running)—{) —> scheduler|>(Ready)=(}) /*EREQ: REQ2E*/ - :;t: 'fi‘n'j?:::" o
INTTTALTSATION »» Partial bijection FEE
queue :={} || scheduler := {} /*@REQ: REQ3E*/ e Totsl hiiertinn N
OPERATIONS a L |
crd, adt, rng, wtyg, trd <-- status = == ax
DPRE
crd <: ID & 4 MACHINE &
adt <: ID & () statusoperation B
. 4 SETS
rng <: & oD
wtg <: ID & & Que
trd <: ID & STTE
THEN & EXCEPTION z
/*@BEGII\LREQ: REQ20@*/ 4 ABSTRACT VARIABLES
crd := dom(scheduler |> {Created}) || & scheduler
adt := dom(scheduler |> {Ready)) || O queue
‘ rng := dom(scheduler |»> {Running}) || INVARIANT
wtg := dom(scheduler |> {Waiting}) || INITIALISATION i
OPERATIONS

trd := dom(scheduler |> {Terminated}) ||
J*GEND REQ: REQ208*/ €3 No type given for operation output p
- € No type given for operation output p ™

END 4 . | b

Leaml

Line: 32 Column: 4

[
) Designing Presch... ' Laboratory Ex ) Atelier B i statusoperation® ... T amitmzinnew [C.

Figure 4.8 statusoperation.mch file in Atelier-B.
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Verification and Animation of B Specifications

Atelier-B tool is used for type checking, automatic refinement and generating
proof obligations of B specifications to remove syntax errors. We used the following
functions of Atelier-B:

e Syntax Analysis and Type Checking: This function provides the syntax analysis
and type checking of B components. The syntax checking ensures that the sources
for the selected machines comply with the B language syntax.

Type checking controls:
» identifier conflicts, typing rules, and missing declarations,
» language restrictions and visibility rules.

e Generating Proof Obligations: This function produces the proof obligations of a
component. The component must be type checked. There is a separate proof
obligation for initialization and a proof obligation for each of the operations.
Proof Obligations for the Process Component are shown in figure 4.9.
Generating proof obligations creates four files in the PDB:

» The comp name.po file contains the PO of the comp name component.

» The comp name.opo file contains the obvious PO of the comp name
component.

» The comp name.pmi file contains the status of the proof obligations
(proved/not proved) as well as the interactive demonstrations.

» The comp name.stc file contains a description of the component.

4 Process Component Status Ii‘éj

Component Status for Process

POGenerated C:/Users/Hp/Documents (A8 ProcessSchedulernew Process. mch

nP0Q nPRi nPRa nlUn %aPr
Initialisation 4 i 4 0 100
create 4 0 2 2 50
Process B 0 6 2 5

Figure 4.9 Proof Obligations for Process Component.
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e Automatic refinement: This functionality of the Atelier B permits to generate
refinements automatically, based on the use of Proof Obligations. Hierarchical
structure of Atelier-B, showing the various components of the scheduler system
are shown in Figure 4.10.

The Atelier B prover is composed of an automatic prover and an interactive
prover. The automatic prover enables to attempt to demonstrate automatically a
set of proof obligations, by applying a given set of general mechanisms. The
prover is parameterizable according to its force (Fast, force 0 to force 3). The
higher the force is, the longer the proof takes. The interactive prover enables the
user to assist the automatic prover in its demonstration task, by carrying out the
proof. The prover is carried out using interactive commands. These commands are
applied for a given proof obligation and are saved for this PO. Figure 4.11 shows

the Prover component of Atelier-B for Automatic refinements.

J Atelier B = X
AtelierB View Workspace Project Component Help

YOO VR ROV OO

eisze= &) 5 Pmtesssdvedulemew:Cnmpnnems
[ Hierarchical view Filter:
4 = local Cnmpnne;t TypeChecked POs Generated Proof Obligations Proved Unproved B0 Checked
Py PROCESSSCHEDULER () Process oK 0K 8 6 2 0K
4 [ ProcessSchedulernew (0K]OK]... () admitoperation 0K 0K 10 6 4 0K
&) Components 1) delete 0K 0K 1 5 2 0K
L2 Definitions () interruptoperation OK 0K 1 5 2 0K
(1) Libraries () statusoperation  OK 0K 4 4 0 -
+ @ source WD lemmas ) swapoperation 0K oK 10 7 3 0K
Tasks @ Errors @
7] ide Finshed tasks (3 g ©) || [/ © Erors (6) [C] & Warnings (0)
Project Compenent Action Status Messages Server i Message Location Component
ProcessSch.,  delete [ L] Finished Typecheck finis... localhost - ) statuso...
ProcessSch.,  delete @ Finiched PO generation ... localhost
ProcessSch.. delete Finished B0 check finished localhost
ProcessSch... delete (0] Finished End of Proof localhost
ProcessSch..  Process () Finished Typecheck finis... localhost
ProcessSch.. Process @ Finished PO generationf... localhost il

; moe T il Designing Presch... I ©J Laboratory Exerci... I J Atelier B 1 } statusoperation - ... amitmainnew [C... AV Untitled - Paint Fe Fr0 e

Figure 4.10 Hierarchical structure of Atelier-B
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Eﬂdelier B - Prower — Process —
| ——
Proof Edit Wiewws Help

Proof S x| Enitialisatic .| [Hhcondst = =
& Force(d) e - ref .= [T ©only applyable rules
et => {}: ID =<—2> : :
QUEUE = CvProgram Filesh Atelier Bh...
e | = Cif/Users/Hps/Docurments/ A,
" rChe
—k that the
dinwvariant
(schedul=er -
Ir» +—>» STATE)
is -
Situation 5 x established 0
[ Show only unproved POs DY - the o -
initialisatio
< 5 Initialisation n — ref =T oS v =L = TisiEssE =
&= POl == {3} ITD +—> SroalTE—— | Crocataed o
& PO2 sTATE| o r Ready, Running,
= PO3 Waiting, Termina
i POa ted?
“ €& create - EXCEPRTTON=={ OK,
© POos adyExists, BusyPE =
© pPoa . rocess,Un]{no‘t\an’
rocess, NoRctiwve
Process} =

Initialisation.2 _ | 5% (2 unproved)

Figure 4.11 Prover for automatic refinement in Atelier-B for Process component.

ProB Tool: We have used Pro-B tool for animating and model checking of our B
specification. ProB is used to systematically model check our B specification for
errors. We used it to animate our B specification, either interactively or automatically

and it also helps to correct and understand our specification.

Animation and Visualization in ProB:

We used animation facilities of ProB to gain confidence in our specifications.
When the B specification is opened, the syntax checker analyses it and, if a syntax
error is detected, it is then reported, and highlighted in the specification. Also if the B
specification contains features that are not supported by ProB or constraints that are
not satisfiable, an appropriate message is displayed. When these checks are passed,
the B machine is loaded, and will display the operations that can be performed in the
Enabled Operations pane. For our specification, ProB first initialize constants, and
then computes the possible values and displays one initialize constants virtual
operation for each possible group of constant values. Secondly it initializes machine

and finally it performs the backtrack operation. We also visualize our specification
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using ProB to analyze and understand the behavior of our B specification. ProB
displays the state space as a graph whose nodes correspond to states and arcs

correspond to operations. Figure 4.12 shows the random animation of our

specifications in ProB.

State Properties

oK § EnabledDperations History

invaiant_ok J create(prot-sMemanFul J create(proz)-MemonFul -
iqueug{{prot )| = JobOueue create{proz]-» emonFul ereate{prad - MemorFul
iqueue([prod]) = Job(ueus

>
>

iqueue({prod]) = Jobueus
iqueue({prod]) = Jobueus
iqueue][pro) = Jobueus
iqueue|[prof]) = Jobueus
schedule[prol]) = Created
schedule[proZ]) = Created

create{pro3)-» emonFul
create{prod]-» emonFul
create|prob]-» emonFul
create]prof]-» emonFul
BACKTRACK

create{praf)-»MemorFul
create{pral - MemoryFul
create{pra - MemorFul
create{praZ)-»MemorFul
ereate{praZ)-»MemorFul
create(prof-hemonFul
create(prof-hemonFul

schedule[prod)]) = Created
schedule([prod]) = Created
schedule[prob]) = Created
schedule[prof]] = Created

wreate(piod)-+0k

oreate(prol -0k,

oreate(prod)-»hleadyEwists -
oreate(prod)-»hleadyEwists

create(prod)-rheadyEvists

wreate(prog)-+0k

Figure 4.12 Random Animation of Process Component.

We used ProB for model checking of our specification to analyze any errors during
the execution of the operations. Figure 4.13 shows debugging of the create operation,
and analyzing whether constraints are satisfied or not. Coverage of operations in our

model is shown in figure 4.14.

,lf" Debugging Enabling Condition ==

Debugging the Operation create:

FAIMIMT . bA<IMNT = -1 .. 3
Cardinalities of SETS:
card[ID] =&
card(QJEUE] = 3
card[STATE] =5
card[EXCEPTIOMN] =&

SATISFIABLE COMSTRAIMNTS and FROFPERTIES [with first salution):
_ kruth
== pro=pro’

Mo unzatizfiable PROPERTY or COMSTRAIMT

Done

o

Figure 4.13 Debugging of create operation
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§ Analysing Coverage =RRE X

Coverage for operations:

NODES =]

deadlocked:0
ivariant_violated:0

opet:

live:BG

tokal:B5
TOTAL_OPERATIONS

385
COWERED_OPERATIOMS
initialize_machine: 1

create: 384
IMNCOWERED_OPERATIOMNS
DEFIMITELY_EMABLED_AFTER
initialize_machine====>create
create====>:create
POSSIELY _EMABLES
initialize_machine=7+=>create

K

ol

Figure 4.14 Coverage of operations in our model.

Test Cases

The test cases for testing informal requirements of the process scheduler are shown
in table 4.1. We obtain 17 test cases for our scheduler system, and each test case is a
sequence of operation calls. We use status as an observation operation, and after the
invocation of each test case, the test case return the system to its initial state. The

generated test cases includes the expected return values of each operation calls.

Table 4.1 Generated Test Cases for Process Scheduler.

Testcase_id Test Cases

T1 create(prol)=MemoryFull; status(prol)=({},{},{}.{}.{});
deletepro(prol)= ok.

T2 create(prol)=ok; create(prol)=AlreadyExists; status(prol) =
({prol},{},{},{},{}); deletepro(prol)=ok.

T3 create(prol)=ok; status=({prol},{},{},{},{}); deletepro(prol)=ok.

T4 deletepro(prol)=UnknownProcess; status(prol)=({},{},{},{}.{}).

T5 create(prol)=ok, admit(prol)=ok; deletepro(prol)=BusyProcess;
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status(prol)=({},{prol},{},{},{}); swap=ok, deletepro(prol)=ok.

T6 create(prol)=ok; deletepro(prol)=0K; status(prol) = ({},{}, {}.{},
{prol}).

T7 admit(prol)=UnknownProcess; status(prol)=({},{},{},{},{})-

T8 create(prol)=ok, admit(prol)=ok; admit(prol)=BusyProcess;
status(prol)=({},{prol},{},{},{}); deletepro(prol)=ok.

T9 create(prol)=ok, admit(prol)=ok, status(prol)=({},{},{},{prol},
{}); swap=ok, deletepro(pro1l)=ok.

T10 create(prol)=ok; admit(prol)=ok; status(prol) =({}, {prol}, {},{},
{}); swap=ok, deletepro(prol) =ok.

T11 create(prol)=ok, admit(prol)=ok, swap=ok; status(prol)=({},{},
{prol}, {},{}); deletepro(prol)=ok.

T12 create(prol)=ok; admit(prol)=ok; swap=ok; status(prol)=({},{},
{},{prol},{}); deletepro(prol)=ok

T13 swap=ok; status(prol)=({},{},{},{},{}).

T14 interrupt(prol)=UnknownProcess; status(prol)=({},{},{},{},{}).

T15 create(prol)=ok, interrupt(prol)=ok; interrupt(prol)=NoActive

Process; status(prol)=({},{},{},{},{}); deletepro(prol)=ok.

T16 create(prol)=ok, interrupt(prol)=ok, swap=ok; status(prol)=({},
{prol}, {}, {},{}); deletepro(prol)=ok.

T17 status= ({},{},{},{}.1}).

We present here the updating of the state and output variable for the test case T3.

/* initial state */ [scheduler = {}]
create(prol) = OK; [scheduler = {prol|-> Created} |
status = ({prol},{},{},{},{}); [scheduler = {prol|-> Created} ]
deletepro(prol) = OK [scheduler = {}]

Coverage Matrix between Requirements and Test Cases
As we tagged our B formal model specifications with requirements identifiers, we

generate coverage matrices that show the relationships between the informal

61



requirements and the generated tests in Table 4.2. The matrix of requirements and test
cases shows us how well each requirement is tested. The invariant (INVAR) and
initialization (INIT) entry mean that every test is exercising those requirements. This
matrix is useful for identifying requirements that have been tested adequately. This
can help us to determine whether the failure is due to incorrect requirements or a fault

in the system under test.

Table 4.2 Coverage Matrix from Requirements to Tests

Requirement_ID Generated Test Cases
REQI INVAR
REQ2 INVAR
REQ3 INIT
REQ4 T3
REQ5 Tl
REQ 6 T2
REQ7 T6
REQS8 T4
REQ9 T5
REQ10 T9
REQI11 T10
REQI2 T7
REQI13 T8
REQI14 T11
REQI15 T12
REQI16 T13
REQ17 T16
REQI18 T14
REQ19 T15
REQ20 T17
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Chapter 5: Conclusions and Future Scope

E

The course of this work was to propose an approach for testing of requirement
artifact, so that errors can’t be propagated to the next phases of software
development. Formal specification language was used for requirement specifications,
which applies rigorous mathematical and set theory constructs in providing precise
specification of the system. B formal specification language is used in proposed work
to specify requirements for the purpose of testing of requirements. Comparison
among the formal languages like Z, VDM and B enables the user to select a

specification language, based on merits and demerits of above approaches.

5.1 Conclusions

In this thesis work, we proposed an approach that generates test cases for testing
of functional requirements of the system. Following are the major conclusions drawn
from the work undertaken are:

e Specifications annotated with requirement identifiers, help in later stages to
detect which requirements are covered and which are yet to be tested.

e Coverage matrices between requirements and generated test cases help to
resolve the reachability issues in system under test.

e B specifications are more appropriate for testing requirements of the system
as compared to Z and VDM because B covers whole lifecycle including
specification, refinement and generating proof obligations.

e Coverage of requirements in proposed approach is better than other
approaches that we explored in chapter 2, in test case generation for testing
requirements of the system.

e Atelier-B and ProB tool used for type checking, automatic refinement,
generating proof obligations and animation of our specifications, removes

syntax errors.
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5.2 Future Scope of the work
e The current work can be extended further for large scale applications.
e This approach can be extended to cover the performance requirements of the
system by adding more details in requirement annotations.
e Further work can be explored to test other software artifacts by using formal

B specifications.
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