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Abstract

In this thesis, customer requirements (in the problem domain) are differentiated
from design specifications (in the solution space). The design specification is the
artifact intermediate between the implemented code and the customer require-
ments. We argue that the customer requirements and the design specifications
should be testable and testable early in the design cycle leading to early detec-
tion of implementation and specification errors. We thus provide a method (and
a tool called ESpec) for early requirement and specification descriptions and test-
ing. The core idea behind early testable requirements is that the problem is de-
scribed before we search for a solution and the problem description drives the
design.

The method follows the single model principle, i.e., design specifications
written using expressive mathematical models such as sets, bags, sequences and
maps are contracts that are integrated into the program text itself. These tightly

integrated specifications allow inconsistencies between code, specifications and
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requirements to be detected as early as possible and during the lifetime of the
code. Customer requirements are described using Fit tables and specification vi-
olations (where they occur) are indicated in the Fit tables. The method does not
depend on a particular code development methodology (e.g. Agile vs. Conven-

tional) and can be used whatever development methodology is preferred.
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1 Introduction

The primary measure of success of a software system is the degree to which it
meets the purpose for which it was intended. Requirements engineering is the
process of discovering that purpose, by identifying stakeholders and their needs,
and documenting these in a form that is amenable to analysis, communication,
and subsequent implementation [69].

There are a number of inherent difficulties in eliciting and communicating
the requirements. There may be many stakeholders (paying customers, users
and developers) with varying goals that may conflict. These goals may not be
explicit; the goals may be difficult to articulate and even vague or ambiguous.
Inevitably, satisfaction of these goals may be constrained by a variety of factors
outside their control [69]. As Fred Brooks wrote, we are dealing with a very

difficult problem:

The hardest part of building a system is deciding what to build. No
other part of the conceptual work is as difficult as establishing the
detailed technical requirements, including all interfaces to people, to
machines and to other software systems. No other part is more diffi-
cult to rectify later [40].



Surveys by the Standish Group appear to show that 23% of all software
projects fail before they are completed. Of the remaining projects that are com-
pleted, 49% are significantly late, over budget, or do not include all the essen-
tial features and the requirements. Only 28% of software projects succeeded,
i.e., ship on time, within budget, and with all of the requested features [45]. Al-
though the precision of these statistics have been challenged [44], nobody doubts
that the problems are significant [43].

The most significant factors responsible for the lack of success are lack of cus-
tomer input, incomplete requirements and specifications and changing require-
ments and specifications. In their recipe for success the Standish group recom-
mends that stakeholders develop the ability to “clearly articulate requirements”
and translate these requirements between the business people (the customer)
and the technical people (software developers) [45].

It is generally not an easy task for a software developer to write and com-
municate the requirements. Both formal and informal methods for doing so

have been developed, but as one IT specialist wrote:

I was once in a meeting in which a team had to review a business
specification for an application enhancement. The meeting had been
scheduled for one hour. It lasted for three painful hours, because
the team was stumbling over each paragraph: Verbosity, ambiguity
and an avalanche of bullets conspired to hide the meaning of those
phrases...

UML might be king in academic circles, but English is still the pre-
ferred and most-used tool in the field when it comes to communica-
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tion between business users and developers. I have recently heard a
tool vendor trying to score points for his product based on the fact
that the product uses plain English, not UML, in order to capture re-
quirements [4].

Writing a good requirements document is difficult in the eyes of most devel-
opers. It delays getting on with the coding and it is thus considered a waste of
time. But ignoring the requirements is a recipe for disaster (as pointed out by
Brooks)—nothing is more difficult to rectify than building the wrong product
(the one your customer does not want).

As discussed by Berry et. al. there are a number of reasons that writing
a requirements document for a computer-based system before implementing it is a

good idea:

1. The process of writing the requirements document of the system under
construction is a good way to learn its requirements and to make it clear

what must be implemented to obtain the required system.

2. The process of writing the requirements document of the system helps to

reconcile differences among the stakeholders.

3. The requirements document allows the customers of the system to validate
that the projected system will be what they want before resources are spent
implementing a possibly incorrect system.

3



4. The requirements document allows deriving both covering test cases and
expected results that allow to verify that the implementation of the system

does what it is supposed to do.

Despite the clear benefits of writing the requirements document before cod-
ing the system, many projects find themselves unable to produce the require-

ments document for a variety of reasons, some technical and some social [14]:

1. Itis difficult to write a good requirements document, one that specifies ex-
actly what the system under construction is supposed to do without limit-
ing unnecessarily how to implement it (i.e., it is hard to specify what rather

than how the system must perform).

2. “Participants in most projects these days believe that they do not have the
time to do so, that it is necessary to proceed immediately, if not before, to
coding, in order to meet the codes delivery deadline or to be the first in the
market with the codes functionality (begging the question of how do they

know what to implement anyway if requirements are not specified).”

3. Participants in most projects these days perceive that time spent on writing
requirements document is wasted since the requirements will change any-

way and the requirements may never be read, even by the implementers.



The authors of suggest that a user manual makes an excellent software
requirements document. The method produces a document that delivers the
benefits of writing a requirement document before implementation (enumerated
earlier) and helps mitigate the three problems that discourage the production of

requirements document before implementation.

1.1 Thesis Motivation

Suppose we think of a requirements document as a user’s manual (or alterna-
tively, as a document containing a mix of English text, descriptions of user in-
terfaces and informal sketches). Now, a user’s manual cannot be directly tested
(although it may be used as the basis for developing tests). Is there a way to
make a requirements document such as a user’s manual directly testable? In
this thesis, we will investigate the use of the Fit framework [31] to do just this
by adding some additional information in a notation that is “user-friendly”, i.e.,
understandable by our customers and mechanically testable with the right kind
of tools. The idea of specifying before implementing and specifying in a testable
way will be used throughout the proposals in this thesis from requirements to
the final code.

In this thesis, customer requirements (in the problem domain) are differenti-

ated from design specifications (in the solution space). A design specification is
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the artifact intermediate between implemented code and the customer require-
ments. We argue that customer requirements and design specifications should
be testable and testable early in the design cycle leading to early detection of re-
quirement and specification errors. We thus provide a method (and a tool called
ESpec for Eiffel) for early requirement and specification descriptions and testing.
The core idea behind early testable requirements is that the problem is described
before we search for a solution and the problem description drives the design.

The method follows the single model principle [76], i.e., design specifications
written using expressive mathematical models such as sets, bags, sequences and
maps are contracts that are integrated into the program text itself. These tightly
integrated specifications allow inconsistencies between code, specifications and
requirements to be detected as early as possible and during the lifetime of the
code. Customer requirements are described using Fit tables and specification vi-
olations (where they occur) are indicated in the Fit tables. The method does not
depend on a particular code development methodology (e.g. Agile vs. Conven-
tional) and can be used whatever development methodology is preferred.

This method is presented in the Eiffel language which has a mature con-
tracting mechanism, but the conceptual ideas could be used in any of the emerg-

ing contracting languages such as Spec# [9] and ESC/Java [59].



1.2 Requirements vs. Specifications

According to Jackson [54], a software application such as a word processor is
a machine—one similar to a typewriter, but with more versatility. Similarly, a
software telephone switch is a machine—one similar to an old-fashioned tele-
phone exchange, except that the new kind of machine does not consist of rotary
switches and clattering relays. The purpose of software development is to build
special kinds of machines. A general purpose computer accepts our description
of the particular machine that we want (as described in the code), and converts

itself into the desired machine.

1.2.1 The Machine Domain and the Problem Domain

The purpose of the machine (such as a software telephone switch) is for it to in-
teract with and achieve some effect in the world (e.g., help people make phone
calls). The part of the world in which the machine’s effects will be felt—and
which is of most interest to customers of the machine—is called the problem
domain, which we denote by the letter P. It is always right to pay serious atten-
tion to the problem domain. We let the letter C stand for the machine (i.e., the
implemented code).

If we are developing a program to control an airplane, we obviously need



to understand how the airplane works, how it lands and takes off on runways,
and how it can be controlled while in the air. We may also need to understand
intangibles associated with the problem domain, such as the rules for safe avia-
tion. This understanding must be made prior to any attempt to lay out the data
structures and data flow of the code that will ultimately control the airplane. The
phenomena (states and events) of the problem domain are clearly distinct from
the phenomena of the machine domain (code and data structures) required to

operate it.

1.2.2 Requirements

The phenomena of the problem domain determine the customer’s Requirements
(R). Requirements are the goals of the customer expressed in terms of the phe-
nomena of the problem domain. Software requirements may be expressed in
various formal notations (e.g., predicate logic) or semi-formal notations such as
UML (e.g., use cases). But, more often than not, requirements are expressed us-
ing a combination of English text, user interface drawings and rough sketches.
As mentioned earlier, a well-written user’s manual is a type of requirements
document.

Requirements are therefore about the phenomena of the problem domain P
and not about the phenomena of the code C. Not all the phenomena of the prob-
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lem domain are necessarily shared with the code. But, the code does share some
phenomena with the problem domain. The code can try to ensure that the re-
quirements are satisfied by manipulating the shared phenomena at the interface
of P and C. An example of a shared phenomenon is the event of a passenger
sitting in an aircraft seat and pushing a button to turn on a light. The push of the
button is a phenomenon that is shared at the interface between the passenger (in
the problem domain) and the control software (in the machine domain). To the
passenger the event is “push the button”, and to the machine the event might be

“input signal on interrupt line L1”.

1.2.3 Specifications

As we mentioned, not all of the phenomena of the problem domain are shared
with the code. There can thus be a gap between the customer’s requirements
and what the code can deliver directly. A Specification (S) is a bridge between the
phenomena of the problem domain and the phenomena of the code, describing
phenomena (inputs and outputs) at the intersection of P and C.

A specification in this context is a precise mathematical description of some
desired unit of functionality of the product. There are many types of system
specification which are written in different languages (e.g., formal languages like
B [1]]). A specification is the developer’s model of the software product under con-

9
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Figure 1.1: The Machine and the Problem Domain

struction, akin to an engineer’s blueprint and can be expressed in several ways,
such as a contract between the supplier and the user of the product. Although
a specification may itself be (a high level) program text and may also be exe-
cutable, it is not the same thing as the final code for a software product. Rather,

itis an abstraction of the program under development, which allows us to reason

about the program during construction.
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1.2.4 An Example

Consider the diagram in Fig.[L.Tlillustrating the problem of measuring vital signs
such as the heartbeat of a patient in an ICU taken from [55]. There are four

different descriptions of the patient monitoring system:

P—Problem Domain: A patient’s heart can beat from 0 to 170 beats/Sec (prede-

termined by human physiology).

R—Requirement: Monitor the patient’s heart beat and sound an alarm if it is

outside of the range from 60 to 100 beats per minute.

S—Specification: Alarm-Register := False when the Sound-Pulse-Register is

outside the range hexadecimal 3C to hexadecimal 64.

C—Computer Code: The machine code that implements specification S.

The central requirement R is to monitor the heartbeat—not the sound pulses
or the register values in the machine (i.e., the implemented computer code). The
requirements are the effects in the problem domain that your customer wants
the machine to guarantee. The requirements are all about the phenomena of the
problem domain (not the machine). The predicate P described the fixed con-

straints emerging from the problem domain.
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The specification S refers to phenomena shared by the problem domain and
the machine. S specifies a design solution that we hope to satisfy the require-
ments R. Finally, C is a description of the computer code needed to implement

the design specification S.

1.3 Rational Development Process

Our core idea behind early testable requirements and specification is as follows:
Requirements should be testable as early as possible so that the problem is stated
before we search for a solution. We also want the problem to drive the design. A

rational software development might proceed as follows:

e Elicit and document the Requirements R of the customer in terms of the
phenomena in the problem domain. Constraints of the problem domain

are described by P.

e From the Requirements, derive a Specification S for the software code that

must be developed.

e From the Specification, derive a machine C (the code).

We may describe the development process as follows:

12



1. Specification correctness: PA S — R

2. Implementation correctness: C — S

3. System correctness: From (1) and (2) conclude that: P A C — R

The first equation asserts that any behaviour of the system that satisfies the
specification S in the problem domain P also satisfies the requirements R. Equa-
tion (1) is called specification correctness because it says that the solution S speci-
fied by the developer will satisfy the customer’s goals as expressed in R (i.e., we
are developing the right product—the one desired by the customer as described
by R).

The second equation asserts that any behaviour executed by the implemented
code C satisfies the specification S. This means that the software product is cor-
rect and we thus call equation (2) implementation correctness. Equation (1) checks
that we are developing the right product (often called validation) and (2) checks
that we are developing the product right (often called verification).

The third formula, which is a consequence of formulas (1) and (2), asserts
that our implemented solution C in the problem domain P satisfies the customer

requirements R.
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It is important to note that we do not pose any obligations on the developers

to follow a strict methodology:

Anyone who has been involved in intellectually taxing activities try-
ing to understand and solve a complex problem knows that the pro-
cess of arriving at a good solution is far from regular. On the contrary,
the most common impression during the course of the effort is often a
sense of total disorder and utter confusion. This is also true for cases
where the final result eventually turns out to be very simple and ele-
gant, and the greatest sense of confusion is often experienced shortly
before the crucial perspective is discovered. So the bad news is that
a rational process, where each step follows logically from the previ-
ous ones and everything is done in the most economic order, does
not exist. Complex problem solving just does not work that way. But
the good news is that we can fake it. We can try to follow an estab-
lished procedure as closely as possible, and when we finally have our
solution (achieved as usual through numerous departures from the
ideal process), we can produce the documentation that would have
resulted if we had followed the ideal process.

This gives us a number of advantages. (a) The process will guide us, even if
we do not always follow it. When we are overwhelmed by the complexity of a
task, it can give us a good idea about how to proceed. (b) We will come closer
to rational modeling if we try to follow a reasonable procedure instead of just
working ad hoc. (c) It also becomes easier to measure progress. We can compare
what has been produced to what the ideal process calls for, and identify areas

where we are behind (or ahead).
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1.3.1 Testability and Tool Support for Testability

A key idea in this thesis is that Requirements and Specifications should be testable.
The distinction between a Requirement and a Specification (see previous section)
may now be used to define what we mean by testable Requirements and Speci-
fications.

What are testable requirements? Formula (1) in the previous section asserted
the following relationship between a specification S and a requirement R: P A
S — R. To test requirement R is to check that the suggested solution S entails
the requirement. If the requirements are described informally (e.g., as English
text) then there is no real way to test them mechanically. Furthermore, as the so-
lution S is refined, we will want to check P A S — R repeatedly (as in continuous
regression testing). So it would be advantageous to mechanize requirement test-
ing. This means that both specifications and requirements must be formalized in
order to mechanize requirement testing.

Our approach will be to use Fit tables to formalize requirements in a language
understandable to customers (i.e., it is not a programming language). Specifica-
tions will be formalized either as ML-Contracts or as Scenario Tests as will be
explained in the sequel.

What are testable specifications? Formula (2) in the previous section asserted

15



the following relationship between implemented code C and the specification S:
C — S. To test the specification S is to verify that the implemented code satisties
the specification. If the specification is an ML-Contract, we may do this veri-
fication using either run-time assertion checking or formal theorem proving. If
the specification is a Scenario Test, then the check can be performed by executing
the code and checking that the results specified in the Scenario Test are achieved.

Thus, we can also mechanize specification testing.

1.3.2 The ESpec Tool for Testability

The tool support developed as part of this thesis is called ESpec. The purpose of
ESpec is to provide mechanized support throughout the software development
process for writing and testing customer requirements and design specifications.
ESpec itself consists of three components: ES-Fit, ES-Test and ES-Verify.

Consider the diagram in Fig. [[.2] which provides an example of a Fit table
(labeled “Requirements”). This table describes a scenario provided by the cus-
tomer as a sequence of actions and checks that must hold after these actions are
taken. The requirements document (e.g., a user manual) can be decorated with
such tables which then become testable.

How does the developer satisfy the requirements specified in the customer-
provided Fit table? The developer will need to write two kinds of classes: Fixture

16



R1: Chat Server Setup A
start | Chat Server
check | [s server running? True
check | Number of server rooms | 1
check | Number of server users | 1

> Requirements

enter | [user] Admin
enter | [room] Lobby
check | Is [user] connected? True
check | = [user] in [room]? True
check | [room]'s owner admin |
777777 (TS TN
| FIXTURES | o | BUSINESSLOGIC N
,,,,,,,,, - N
’ N ; \
! | < CHAT SERVER > CHAT ROOM >
I I I
‘ \
| = |
I I I
| | Camrosm |
N L \\ /
~— —
. v
Fixture code Business logic

Figure 1.2: Relationship between Fit tables, Fixtures and the Business logic

£
©
IS
S Testable
Qs = .
] Requirements
§| 3 (Fit)
el £
el B
o2
(e}
il Testable
?,< Specifications
5 (Contracts and
2 Scenario Tests)
o\
;
]
g £
o] £
c ©
gl 5
=] <
© a\
(%] r
()]
£
?<
2
\

Time

Figure 1.3: Early Testable Requirements/Specifications in Development-cycle

17




classes and classes of the business logic (see Fig. [1.2). Fixtures are glue code
between the customer-provided requirements and the business logic C. ES-Fit
provides libraries that allow the developer to easily develop such Fixtures that
connect the requirements to the business logic. ES-Fit uses the developer written
Fixture classes to parse the requirement document, extract the tables, interpret
the tables and invoke the relevant business logic and then reflect the results of
running the business logic back to the tables in the requirements document. The
rows in tables where the checks succeed are coloured green and those that fail
are coloured red.

Fig. [L.3] shows the design cycle starting with requirements elicitation which
is followed by design, coding and then (conventionally) testing. Fit tables can of
course be developed by customers early in the process, before design and coding
activities. As the design proceeds, the implemented code can be continuously
tested against the behaviour described in the Fit tables.

The ES-Test component of the ESpec tool is used to check that the imple-
mented code satisfies the design specifications. Specifications are written using
Scenario Tests and ML-Contracts.

In Test Driven Development [10], unit tests are themselves executable code
that check the correctness of a “unit” of some module such as a method. The

critical insights are (a) that the test can be written before the method implemen-
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tation, and (b) that the test is a specification of the method. By forcing developers
to specity the functionality up-front, the description becomes more abstract (fo-
cussed more on what the feature should do rather than how it should do it) and
thus closer to a specification. Scenario Tests use the same framework as unit tests
but specify the interactions or collaborations among various modules (classes) of
the system to achieve some unit of functionality. Like unit tests, Scenario Tests
can be written before any class implementations. As the design proceeds and
the code is produced, the implemented code can be tested continuously to en-
sure that the Scenario Tests (and any unit tests) are satisfied.

Design by Contract (DbC) [64] is a way of specifying the mutual obligations
and benefits of clients and suppliers of classes. DbC is an important part of Eiffel
[66], and it is also supported in UML via OCL [26]. The standard Eiffel DbC
contracts do not have the full mathematical power of OCL. Thus, for specify-
ing contracts, we use ML-Contracts developed by a team that included this
author. ML is a mathematical modeling library written in Fiffel that uses math-
ematical sets, bags, sequences and maps in contracts that are integrated into the
program text itself. These tightly integrated specifications allow inconsistencies
between code, specifications and requirements to be detected as early as possible
and during the lifetime of the code. As defined in the OMG standard [70], OCL

is a description language and no executable semantics is supplied. Thus, OCL
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cannot be used to test code (say Java) without third party add-ons. By contrast,
the ML library is executable code written in Eiffel. As a result, implemented code
can be tested against the specifications written as ML-Contracts. ML-Contracts
satisfy the single model principle [76], i.e., the contracts are part of the program
text.

ES-Test checks ML-Contracts via runtime assertion checking. However, as
discussed in [72], Eiffel code with embedded ML-Contracts can also be verified
using a theorem prover. The ES-Verify component of ESpec may be used to run
the theorem proving tools developed in [72].

Using ESpec, testable requirements and specifications can be written and

checked under a single green/red bar as will be explained in the sequel.

1.4 Organization of this thesis
This thesis is organized as follows:

e Chapter[Ilis an introduction that presents the background, motivation and

contribution for the method and the tool presented in this thesis.

e Chapter[2discusses the idea of Testable Specifications by introducing vari-
ous types of system specifications such as ML-Contracts and Scenario Tests

that we use in our method. This chapter provides an overview on how
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ESpec’s Unit Testing framework (ES-Test) can be used to capture and test

these specifications throughout the development process.

Chapter[lpresents the idea of Testable Requirements by giving an overview
of the Fit framework and various types of tests supported by this frame-
work. We also go over various kinds of Fixture code (the glue code be-
tween the customer-provided Fit tables and the system under test). With
simple examples we show how Testable Requirements can be used to de-

tect specification and /or implementation errors in the underlying system.

Chapter@lillustrates our method of Early Testable Requirements and Speci-
fications with a case study (Chat room example). This example shows how
specification and implementation bugs can be detected throughout the de-

velopment process.

Chapter [l is mainly devoted to the design and implementation of ESpec
tool itself. We describe the challenges and our design decisions in devel-
oping ES-Fit and integrating various components of the ESpec tool such as

ES-Test, ES-Verity and Mathematical Library (ML).
Chapter 6 discusses the related research and compares this work to others.

Chapter[Zlconcludes the thesis.
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e The Appendix contain a brief introduction to Eiffel language and agent
mechanism (Appendix[A) the code for the example discussed in Chapter ]
(Appendix[B), a discussion on ES-Verify (Appendix[C). This component of
the tool translates Eiffel code with ML-Contracts into the Perfect Developer
specification language. The generated code may then be verified using the
Perfect Developer automatic theorem prover. Feedback from the theorem
prover is reflected back into the ESpec tool. Finally, the ESpec tool user’s

manual and the screen shots are provided in Appendix[Dl

1.5 Research contributions

The method and ESpec tool reported in this thesis was the basis of an invited
contribution to the Tests and Proofs Conference (TAP’07) in Zurich [74]. The con-

tributions are listed below.

1.5.1 Fit framework for Eiffel

The Fit framework of may be used to write testable customer requirements
prior to (or during) the code development. This thesis provides the first imple-

mentation of Fit adapted to and extended for Eiffel.
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1.5.2 Extensions to the Fit framework

The original Fit framework of is written in Java. Fit tests are run from the
command line. The Fit framework developed in this thesis (called ES-Fit) is an
Eiffel library for writing Fit Fixtures (the glue code between the Fit tables and the
system under test) and a convenient graphical tool for editing and running Fit ta-
bles and displaying the results of Fit tests. For the convenience of customers and
developers, ES-Fit extends the standard framework with new constructs which
appear as keywords in Fit tables. For example, the keyword reference is used
by a customer to describe a Fit table that acts as a global database of values that
may be queried from any other Fit table. The fixture library is designed to pro-

vide flexible constructs for defining new fixture types.

1.5.3 Integrating ML-Contracts into Fit tables

Eiffel has a built-in Design by Contract (DbC) mechanism. A further contribu-
tion is that ES-Fit ensures that contract violations are reported directly in Fit
tables. This allows the customer to observe and report these violations allowing
customers to provide early and specific feedback to developers.

The built-in Eiffel DbC mechanism is incomplete. It does not by itself allow

for complete abstract mathematical specifications. For example, a deferred class
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for a stack has no implementation and thus the contract for the push operation
(for example) would be incomplete. The authors of (including this author)
developed an expressive executable mathematical library in FEiffel called ML
based on sets, bags, sequences and maps. With ML, complete contracts based on
mathematical models become possible obeying the single model principle [76]
(i.e., the mathematical contracts are part of the program text). Since the contracts
are executable, implementations can be checked against the code at runtime via
assertion checking. As described in [72], ML may be translated into the specifi-
cation language of the Perfect Developer theorem prover and implementations
can be mechanically verified against the contracts for a subset of Eiffel. ML is

part of the ESpec software quality workbench. ESpec tool is described below.

1.5.4 ES-Test improvements

ES-Test is a successor to an FEiffel unit testing library called E-Tester reported in

[73]]. The contribution of this author to further development of the tool includes:

o Allowing unit tests to be integrated with other checks (such as Fit tests and

static verification) in a single test suite.

e The addition of Tagged Violation Tests (see section 2.5.2).

e Complete reports of the type of contract violation and the tag involved in
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the violation (both in the GUI and the command line version of the tool),
e.g., a developer may use the show_error command to reflect the complete

call stack in the report (see Chapter [).

1.5.5 ESpec tool: software quality workbench

e The ESpec tool is another contribution of this thesis that was developed
to support testable requirements and design specifications in an integrated
framework consisting of three components: ES-Fit, ES-Test and ES-Verify.
The tool allows the developer to write a test suite that consists of Fit fixtures
for running Fit tables (executed by ES-Fit), Scenario and unit tests (exe-
cuted by ES-Test) and code verification against ML-Contracts (executed by
ES-Verify).

The design in Fig.[I.4lshows how a developer can integrate Fit table checks
(for requirements) and specification checks within a single test suite. Eif-
fel’s multiple inheritance capability was useful in this respect as a test
suite (ES_SUITE) inherits ES-Fit, ES-Test and ES-Verify capabilities simulta-

neously.

o In Chapter 4] of the thesis, a chat application is developed using Fit tables

(for testable customer requirements) and ML-Contracts and Scenario Test
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ES_TEST ES_FIT ES_VERIFY
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ES_SUITE

Figure 1.4: ES_SUITE architecture

(for testable design specifications). This chapter illustrates the integrated
use of the method and tool for early testable requirements and specifica-

tion.

e A Scenario Test involves a collaboration between a number of classes to
achieve some specified result that emerges through the collaboration. ES-
Test will report contract violations during the collaboration (if they fail) as
well as failure to achieve the specified result. ESpec aggregates all tests

under a single green/red bar to report overall success or failure.

1.5.6 Detection of specification and code errors

Every time the ESpec tool is invoked all the requirement and specification tests

are executed. Two types of errors may be reported by the tool. A category one
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error occurs when a customer requirement (in a Fit Table) is checked against the
implemented code and the actual result generated by the code does not match
the customer’s expectation (no contract violation is reported, just a mismatch
in expectation). Such an error may be an indication of a specification problem
because a properly specified design should have generated a contract violation.

A category two error is any contract violation whether it is reported in a Fit
table or elsewhere. Such a violation may indicate an implementation problem in

the code (the code does not satisfy the design specification).

1.5.7 ESpec maintenance and support

ESpec has been used as a mandatory part of a Software Design! course at York
University since its first release in the Winter of 2005. ESpec is maintained under
the GPL licence for public download (see http://www.cse.yorku.ca/~sel/espec/).
About 3000 downloads have been recorded worldwide. The tool has been men-

tioned on various Eiffel groups?.

1AK/CSE 3311 3.00 Software Design: A study of design methods and their use in the correct
implementation, maintenance and evolution of software systems. Topics include design, im-
plementation, testing, documentation needs and standards, support tools. Students design and
implement components of a software system.

2
e.g.
teameiffel.blogspot.com/2006/11/eiffel-specification-package-updated 15.html
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2 Testable Specifications

In the previous chapter, we distinguished between Requirements and Specifica-
tions (see Section [1.2). In this chapter, we explore two different types of Specifi-
cations: ML-Contracts and Scenario Tests.

ML-Contract and Scenario Test specifications are “testable” in the sense that
the underlying code implementation can easily be checked against them. These
specifications may be written early, i.e., they may be written before the imple-
mented code is developed. As discussed in Section [T} early specifications are
not enforced by our method and tool; thus, specifications may be written at any
point in the development. However, the earlier they are written, the earlier they
can be used by developers to detect bugs in the development process. We show
how our software quality workbench, ESpec, is used as an integral part of the
development process.

The technique (and accompanying ESpec tool) use Eiffel programming lan-

guage [66] (and its UML-like modeling language, BON [75]). However, these
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techniques are not limited to Eiffel and can be used with any language that has a
suitably expressive contracting mechanism (e.g., ESC/Java2 and Spec# [8]).

A snapshot of ESpec GUI showing the use of the ES-Test component is shown in

Fig. 211

A1 ESpec 1.2.2 Research Edition =)< |
File WView/Edt Tocls Window Help
Messages TestResults

ES-Fit

i

AutoTest
Tests Result Summary

Passed ]3 Failed |U Hide passed test results | 01 |
?iolations]“ Total |3 Show selected test cases | Recompile

{00

Figure 2.1: Snapshot of ESpec GUI after execution of ES-Test

As was described in the first chapter, specifications are descriptions of prop-
erties of interest about a system. When developers have a clear understanding
of the requirements, they can start to produce system specifications. There are
many types of system specifications which are written in different languages
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(e.g., formal languages like B [1]]). Each type of system specification has a differ-
ent characteristic and serves a different purpose.

However, in general, a specification describes a property of the code (of the
program, or machine, under construction) that is an abstraction of the program
which also allows us to reason about it during its construction. For example,
the specification of a routine to reverse a list of items does not explain how to
reverse elements in the list but what the reverse routine does. A specification of
reverse may, for example, express the relationship between the initial and final
states of the list. We can then reason about the list. For example, if the reverse
routine has been specified correctly, then reversing the list and reversing it again
should yield the original list. This activity may take place long before the body
of the routine is implemented.

Assuming that we have a notation for expressing specifications, then the for-
mula C — S expresses the desired relationship between a specification S of a
system and the implemented code C for that system (see implementation cor-
rectness in Section[.3). This relationship can be used to test that the specification
is satisfied, i.e., to check that system behaviors as generated by the code C satisfy
the specification S.

Such tests of specifications could be done manually. However, it would be a

tedious task and prone to human error. It is desirable that the checks for correct-
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ness be done mechanically where possible. For mechanized checking we obvi-
ously require that the specification notation be amenable to mechanized testing.
Both ML-Contract and Scenario Test specifications can be checked mechanically

as we explain in the following sections.

2.1 Why double the work?

Our proposal is that developers (a) write machine checkable specifications and
(b) then implement the code. It is reasonable to ask: “does this approach not
unnecessarily double the work of the developer?”. Why not just proceed to im-
plementation code once the informal specification is known? Why this extra
burden on the developer?

To answer this question, we may refer to the “second time phenomenon”

discussed by Daniel Berry [13] in the context of requirements engineering:

In 1985, I published a paper with Jeannette Wing that suggests that
FMs [Formal Methods] work, not because of any inherent property
of FMs as opposed to just plain programming, which is really also
an FM, but rather, because of the second time phenomenon [16]. If
you do anything a second time around you do better, because you
have learned from your mistakes the first time around. Indeed, Fred
Brooks says: Plan to throw one [the first one] away; you will anyway!
[11]. In other words, you cannot get it right until the second time.
If you write a formal specification and then you write code, you've
done the problem formally two times.

Berry explains that informal specifications will not have the same effect as

31



a machine checkable formal specification. In an informal specification it is too
easy to overlook details thus leading to failure.

Note that writing an informal specification and then writing code
does not have the same effect. It is too easy to handwave and over-
look details and thus fail to find the mistakes from which you learn.
It has to be two formal developments, specifications or code, for the
second-time phenomenon to work. Observe how the two-time ap-
proach is requirements centered. One is not going to fix implemen-
tation errors this way, because the second time is not the same im-
plementation as the first time. Even if they were the same, one can
introduce new errors in the rewrite. The focus of the first specifica-
tion or coding effort is on understanding the essence and eliminating
requirements errors. The focus of the second is on implementing the
understood essence. As Euripedes says, Second thoughts are always
wiser.

Thus, it is worthwhile doing both a formal specification (in the sense men-
tioned by Berry) as well as the implementation code. Specifications help us un-
derstand the essence of what must be built by eliminating requirement errors.
Since the specifications are machine checkable we cannot just handwave and

overlook details that lead to a mistaken view of the product that must be built.
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2.2 Contracts as Specifications

Contracts may be used to specify the behavior of classes (or modules). Each
feature of a class is provided with a precondition and postcondition, and class
invariants specify global constraints on the data structures of the class.
Contracts specify the obligations and benefits between the user (or client) of
a module and the developer (or supplier) of the module. Clients may invoke
the module if the precondition is satisfied and the supplier must guarantee the
postcondition. As in human affairs, a good contract brings with it obligations as
well as benefits for both parties—with an obligation for one usually turning into

a benefit for the other. This is also true of contracts between classes [67]:

e A precondition binds the client: it defines the conditions under which a
call to the routine is legitimate. Itis an obligation for the client and a benefit

for the supplier.

e A postcondition binds the supplier: it defines the conditions that must
be ensured by the routine on return. It is a benefit for the client and an

obligation for the supplier.

For precision, specifications of software components are usually written us-
ing predicate logic and set theory as contracts between the supplier of the com-

ponent and the users. For testability, specifications must be embedded in pro-
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gram text, and amenable to compiler checks such as type checking and static
analysis of program properties (e.g., null pointer de-referencing) [76]. A pio-
neering approach to writing testable specifications of this kind was the use of
Design by Contract (DbC) in Eiffel.

DbC [65] is a lightweight formal technique for engineering software systems
with significant requirements for reliability and robustness. It integrates math-
ematical descriptions with code, ensuring consistency, and it is designed to be
supported by tools that are comfortable and familiar to developers, e.g., compil-
ers, debuggers, static checkers, and testing frameworks.

The term “Design by Contract” was coined by Bertrand Meyer in connection
with his design of the Eiffel programming language and first described in vari-
ous articles starting in the mid 1980s (e.g., [64]) and the two successive editions
(1997, 1998) of his book Object-Oriented Software Construction [67]. Design by
Contract has its root in work on formal verification, formal specification and
Hoare logic [49].

The contracting language has many benefits. (a) Contracts are precise specifi-
cations of the required module behaviour. (b) Contracts document the class API
(application program interface) for both clients and suppliers. (c) Contracts can
be tested (at run-time) or verified (at compile time). (d) Contracts can be used

to define the notion of an exception (behaviour that violates the contract). (e)
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Contracts appropriately constrain redefinitions of methods in descendant classes
(Liskov substitution principle [62]). The DbC approach has been extended to
Java (e.g., JML [18]) and C# (e.g., Spec# [8]), and thus can be used effectively

with these languages as well.

2.2.1 Basic Contracts

class
SORTABLE_ARRAY[G -> COMPARABLE]
inherit
ARRAY[G]
feature —- commands
sort is
-- sort the array
require
Vi: INTEGER | valid_index (i) e item(i) # Void
do
-- an algorithm
ensure
Vi : INTEGER | valid_index(i) Ni < count e item(i) < item(i+ 1)
permutation (Current, old Current.twin)
end
feature —- queries
permutation (initial; final: ARRAY[G]): BOOLEAN is
-- Is the array ‘final’ a permutation of ‘initial’
invariant
count > 0O
end

Figure 2.2: Specification of a sorted array

Consider the specification of a class SORTABLE_ARRAY in generic parameter G
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as shown in Fig. The generic parameter G is constrained to inherit from class
COMPARABLE?. So we can have an array of INTEGER, REAL, STRING or any suitably
compatible user defined classes.

The class SORTABLE_ARRAY inherits features such as count (the number of items
in the array) and item(i) (which is the element at index i) from class ARRAY. The
invariant count > 0 asserts that sortable arrays contain at least one element. The
invariant is established by the creation routine and must be true before and af-
ter any subsequent routine calls (including new routines such as sort as well
as routines inherited from class ARRAY). The precondition asserts (in the BON

mathematical notation) that:

(Vi : INTEGER | valid_index(i) e item(i) # Void) (2.1)

i.e., there are no void elements in the array (where, valid_index(i) = lower < i <
upper). This property and other predicate quantifiers (e.g., J) are expressed in
Eiffel using agents (see Appendix [Al for more on agents). The first postcondi-
tion asserts that the sort routine terminates with the array sorted, and the final
postcondition asserts that the final sorted array is a permutation of the initial
unsorted array.

Contract specifications follow the single model principle [76]. The class con-

3Any class that inherits from COMPARABLE comes equipped with a total order.
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tracts, consisting of expressive preconditions, postconditions and class invari-
ants are an executable part of the program text and constitute a specification that
describe sortable arrays without constraining implementation details and algo-
rithms.

How can the specification be tested? One way is to use a suitable theorem
prover (as in Appendix[C). We can then formally prove that the implementation
entails the specification. Likewise, we may reason about the behaviour of any
client that uses the sorted array by using the contracts without the need to know
the implementation details. So testability in this case reduces to verification (the-
orem proving).

Alternatively, the specification of sortable arrays can be tested by runtime as-
sertion checking. In this lightweight approach only the executable behaviours
(execution paths) invoked by the test suite are checked against the specification.
If the contract holds, then no exception is generated. If the contract is violated, ei-
ther by a client or the supplier not satisfying their respective obligations, then an
exception is generated. Thus, in this way, testability translates into executability

and the use of exceptions to signal when the contract is broken.
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2.2.2 ML-Contracts

The basic Eiffel contracting mechanism is not always sufficient for specifying
complex data structures. Abstract classes may not have sufficient implemen-
tation detail so that properties can be adequately described. Even where full
concrete implementation is supplied, the implementations may be too low level
for writing succinct specifications.

In order to write contracts at a much higher level of abstraction, we use the
Eiffel Mathematical modeling Library (ML) developed in for specifying the
abstract state of a program without exposing its implementation details. This
library is similar to the model-based specifications as in B [1] and Z [83], except
that it is object-oriented.

The Eiffel ML library contains mathematical collections such as ML_SEQ, ML_SET,
ML_BAG, and ML_MAP. Fig. shows the ML class structure. Instances of these
classes are both immutable and executable. An object is immutable if its state
cannot be modified after it is created. This is in contrast to a mutable object,
which can be modified after it is created. Other than creation features, all fea-
tures of the immutable (hence mathematical) ML classes are gueries (there are no
commands). Queries are features that do not change the state of the underlying

objects. Rather, queries return values without affecting the state.
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A class describes some data structure and the operations that can be invoked
on the data. The mathematical structures of the ML library (such as sets and
maps) may be used to provide a high-level model of the data structure. The oper-
ations on the data structure can then be described by contracts written using ML
queries with respect to the model. Any subsequent implementation of the oper-
ation in terms of efficient mutable classes must satisfy the contracts described in
terms of the ML model.

Since ML-Contracts are executable, when runtime assertion checking is turned
on, contract violations (if any) are signalled via exceptions, thus indicating an
inconsistency between the implementation and its specification. The complete
specification of a system and its implementation can be provided in the same
compilable and executable Eiffel text. The immutable ML classes will be inef-
ficient (due to its re-construction of a new ML object every time a feature such
as appended_by is invoked), by comparison to the mutable classes in Eiffel (such
as ARRAY and LIST). But this is acceptable as contract checking may be turned
off in the final delivered code which will only use the efficient base library for
implementation.

As a simple example, consider the BON contract view of a generic stack as
shown in Fig.[2.4h. The model of the stack consists of a ML_SEQ[G] (i.e., a sequence

of items of type G, where G is a generic parameter) and count (the number of
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ML_MODEL[GJ*

count, infix “#”: INTEGER

is_empty: BOOLEAN

infix “|=|": BOOLEAN

is_value_equal*, infix “|==|": BOOLEAN

object_comparison: BOOLEAN
compare_objects*, compare_references*

-- equality of items determined by “object_comparsion’
-- deep value equality

hold_count* (condition: FUNCTION[ANY, TUPLE[G], BOOLEAN]): INTEGER

for_all (condition: FUNCTION[ANY, TUPLE[G], BOOLEAN]): BOOLEAN

there_exists (condition: FUNCTION[ANY, TUPLE[G], BOOLEAN]): BOOLEAN

/\

-

ML_COLLECTION/GJ*

~

extended_by* (x: G): like Current
has (x: G): BOOLEAN

comprehension (c: FUNCTION[ANY, TUPLE[G], BOOLEAN]): like Current

from_array (a: ESV_ARRAY[G]): like Current
Sfrom_list (I: ESV_LIST[G]): like Current
from_set (s: ESV_SET[G]): like Current
to_seq: ML_SEQ[G]

to_set: ML_SET[G]

to_bag: ML BAG[G]

%

ﬁ

-

ML _SEQ[G]

-

ML_MAPJG, HJ

appended_by, infix “|>": ML_SEQ/G]
{"ML_COLLECTION.extended_by}

prepended_by, infix “|<”: ML_SEQ[G]

remove (i: INTEGER): ML_SEQ[G]

item alias "[]" (i: INTEGER): G

domain: ML_SET[INTEGER]

head, last: G -- head = Current[0], tail = Current[count-1]
front, tail: ML_SEQ[G]
override (i: INTEGER; x: G): ML_SEQ/G]
qubsqu)ﬁ infix “|<<=|" (other: ML_SEQ[G]): B()OLE@

- N

extended_by, infix “*” (x: G): ML_SET[G]
remove (x: G): ML_SET[G]
union, infix “+” (other: ML_SET[G]): ML_SET/G]
intersection, infix “*” (other: ML_SET[G]): ML_SET[G]
difference, infix “-” (other: ML_SET[G]): ML_SET/G]
is_subset_of, infix “|<<=|" (other: ML _SET[G]): BOOLEAN
is_disjoint_from, infix “{##|” (other: ML _SET[G]): BOOLEAN
override (x, y: G): ML_SET[G]

\@mianiimm (x: G): ML_SET[G]

-- tail is everything except ‘head"

ML_SET[G]

\

has_key (k: G): BOOLEAN
extended_by_pair, infix “*” (p: ML_PAIR[G,H]): ML_MAP[G, H]
extended by (k: G; v: H): ML_MAP[G, H]
remove (k: G): ML_MAP[G, H]
item alias "[]" (k: G): H
domain: ML_SET[G]
range_bag: ML_BAG[H]
union, infix “+” (other: ML_MAP[G, H]): ML, MAP[G, H]
intersection, infix “*” (other: ML_MAP[G, H]): ML_MAP[G, H]
difference, infix “-" (other: ML_MAP[G, H]): ML_MAP[G, H]
is_disjoint_from, infix “[##|"” (other: ML_MAP/[G, H]): BOOLEAN
override (x: G; y: H): ML_MAP[G, H]
from_two_arrays

(k: ESV_ARRAY[G]; v: ESV_ARRAY[H]): ML._MAP[G, H]
Sfrom_two_lists

(k: ESV_LIST/G]; v: ESV_LIST[H]): ML_MAP[G, H]
from_table (t: ESV_TABLE[G, H]): ML_MAP/[G, H]
to_seq: ML_SEQ[ML_PAIR[G, H]]
to_set: ML_SET[ML_PAIR[G, H]]
to_bag: ML BAG/ML_PAIR[G, H]]

-

&mihashitable (t: HASH_TABLE[H, G]): like Current

ML _HASH MAP|G, H->HASHABLE]

Figure 2.3: Core Classes in the Mathematical model Library (ML)
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e STACK[G] N

item: G

require count >0

ensure Result = model.last
put(x: G)

ensure model = old model » x
remove

require count >0

ensure old model = (model ™ old item)
MODEL

class STACK[G] feature

put (x: G) is
do
imp.force (x, imp.count)
ensure
model |=| old model [> x
end

end

count: INTEGER
model: ML_SEQ[G]
ensure Result =  i: INTEGER | 0 < i < imp.count « imp[i] )
NONE

imp: ARRAY[G]

Invariant

(b) put feature of STACK

count = #model
&s’ count < imp.count /

(a) BON Diagram of STACK

class STACK_PROPERTIES[G] feature

lifo (s: STACK|G] ; x: G) is
require
s /= void
do
s.put (x)
s.remove
ensure
s.model |=| old s.model
end

end

(c) Stack LIFO property

Figure 2.4: STACK [G] modeled by ML_SEQ[G]

condition for the stack push operation put is:

items in the stack). The contracts of all the other features of the stack can be
described in terms of the sequence and count. In the absence of a sequence to

model the stack (i.e., with just the model attribute count), the best basic post-

count = old count +1 and item = x
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However, this specification is incomplete. For example, an implementor can
satisfy the above specification yet change old values of the stack that are not at
the top. Therefore, we need a frame condition that says the old part of the stack

remains unchanged. By adding a sequence to the model we can now express the




complete contract as:

model = old model » x (2.3)

where, “»” is the appended_by (pure) function of a mathematical sequence that
returns a new sequence that is the same as the old one, but with the argument
item appended to the end, “=” means that left hand side and right hand side
are model equal (as will be explained below). Since (2.3) — (2.2)), there is then
no need to write (2.2) as it is entailed by the model post-condition. With the full
model, we can then provide the complete contracts for the pop operation remove
and the query item that returns the top of the stack.

The Eiffel notation follows the BON notation quite closely as shown in Fig.2.4b.
For “»”, we may use either the appended_by function or alternatively the infix
operator “[>”.

Model classes such as ML_SEQ hold items that may be stored either by ref-
erence or by value (Eiffel has the expanded construct for constructing a value
semantics). Given two mathematical sequences, s1,s, : ML_SEQ[G], the asser-
tion s; = s; (i.e., 51 is model equal to s;) holds precisely when the two sequences
have the same number of elements and s1[i] = sy[i] at each index i. The de-

fault interpretation of “=""is equality by reference. However, the meaning of the
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equality symbol can be changed to a value semantics if needed (in which case,
the query is_equal in class G is used to compare values at index 7). In Eiffel pro-
grams, we use the infix operator “|=|" for model equality. Model equality of the
other collections are defined in the obvious way following this pattern.

With this specification of the stack, we may refine the specification to an effi-
cient implementation. We may use efficient mutable structures such as a linked
list or an array (e.g., ARRAY from the Eiffel base library).

Next, we need to define the abstraction relation between the model query
(which returns a ML_SEQ) and the concrete implementation imp which is an ARRAY
(see Fig.[2.4). The abstraction function maps the concrete variables into the ab-
stract objects which they represent. Thus, the body of the query model might be
a loop that iterates through the implementation array and returns an equivalent
sequence with the same elements as the array (i.e., we “lift” the mutable array
into a mathematical immutable sequence). The postcondition of the abstraction

function model is captured by the following postcondition:

Result = (i : INTEGER| 0 < i < imp.count e imp [i]) (2.4)

where, the symbol “=" denotes equality by definition and the angle brackets

() stand for sequence comprehension (in the same way that {} stands for set
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comprehension; e.g., {i : INT|0 <i <2i+1} = {1,2,3}). Set, bag, sequence or

map comprehensions are expressive notations supported by the ML library.

2.3 Scenario Tests as Specifications

Classical testing methodologies include unit, integration, system and acceptance
tests [48]. Unit tests are usually thought of as tests that check a single method of
a class. In conventional testing, unit tests are written at the end of code develop-

ment.

test_characters_sorted: BOOLEAN is
local
sa: SORTABLE_ARRAY[CHARACTER]
do
sa := <<‘d’, ‘a’, ‘b’, ‘e’, ‘c’>>
sa.sort —-- use the sort routine
check sa[1] = ‘a’ end

check sal[2] = ‘b’ end
check sa[3] = ‘c’ end
check sal4] = ‘d’ end
check sa[5] = ‘e’ end
Result := sa.count = 5

end

Figure 2.5: A Unit Test (not a specification) for sortable array

Suppose, for example, a developer has already written a sort routine. A
classic test for the sort routine is shown in Fig. The test runs the sort routine
on an unsorted array and then performs a sequence of concrete checks on the
individual elements of the array to ensure that the correct element is inserted at
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test_characters_sorted: BOOLEAN is

local
sal, sa2: SORTABLE_ARRAY[CHARACTER]

do
sal := <<‘d’, ‘a’, ‘b’, ‘e’, ‘c’>>
sa2 := <<‘a’, ‘b’, ‘c’, ‘d’, ‘e’>>
sal.sort
Result := equal(sal, sa2)

end

Figure 2.6: A specification for sortable array

each index into the array.

Test Driven Development (TDD) [10] is a technique developed as part of the
emerging Agile methodologies [3]. In TDD, a unit test is written before the sort
method is implemented and is seen as a test specification of the method rather
than just a sequence of checks as shown in Fig. In the test specification, the
sorted solution array is directly compared to the unsorted array (after applica-
tion of the sort method). This captures the essence of what it means for the sort
routine to succeed. First, the sorted array must be a permutation of the unsorted
array, and secondly, the sorted array must be in increasing order. In TDD, the or-
der is: (a) write a test; (b) develop enough code to satisfy the test; (c) refactor the
code (if necessary) to improve the design while keeping the test specifications
the same. The test in Fig.[2.6lis clearly closer to a specification that describes the
sortedness property without constraining implementation details or algorithms.

This unit test is nevertheless limited, testing only the case of an array of char-
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acters for the specific case treated. It does not cover the case of an array of reals or
some other class that conforms to a chosen total order, nor does it cover border-
line cases such as where the array only has one element or is void. By contrast,
the contracts written in the SORTABLE_ARRAY (Fig. 2.2) is a general specification
that covers all these cases (any array in the constrained generic parameter G).

Tests have a narrower range than contracts in the sense that they only capture
a specific set of scenarios in which the system will engage. However, they are
concrete and fairly easy to write. The early and frequent nature of the tests (re-
gression testing) helps to catch defects early in the development cycle, prevent-
ing them from becoming endemic and expensive problems. Eliminating defects
early in the process usually avoids lengthy and tedious future debugging later
in the project.

The classical unit test checks a small unit of code and not its interaction with
other routines and modules. Likewise, contracts are good for specifying the obli-
gations and benefits of clients with respect to the features of a single class.

However, specifications of systems are often use cases that involve collabora-

tions between different modules in the system. Berry et. al. write as follows:

An RS [requirement specification] is often accompanied by or includes
descriptions of scenarios and use cases. These should be the same sce-
narios and use cases that describe how users exercise the CBS [com-
puter based system] to do their work. These scenarios and use cases
in turn form a good basis for building test cases that cover the ex-
pected ways the CBS will be used. Moreover, since the users are
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guided by the user’s manual in their uses of the CBS, these test cases
provide a good coverage of the expected uses of the CBS.

In this thesis, we call such use cases and collaborations Scenario Tests and we use
the standard Eiffel unit testing framework to write them. Instead of testing a
single feature, a Scenario Test (by contrast) specifies a collaboration to achieve
some functionality among various modules of the system.

Consider, for example, the Scenario Test (shown in Fig.2.7)) for a chat applica-
tion?. This specifies a collaboration among various classes of the chat application
such as CHAT_SERVER, CHAT_ROOM and CHAT_USER. The test specifies specific fea-
tures in CHAT_SERVER such as: users, rooms, and add_room (a_user:CHAT_USER)

by describing the following scenario:

1. Create a chat server (line 10)

2. Check that the newly created server has only one user (line 13) and only

one chat room (line 14)

3. Create two chat users (“Mike” and “Anna”) and connect them to the server

(lines 16-19)

4. Check that the new users are connected and reside in the lobby room of the

chat server (lines 20-22)

“The extended version of this example is described in Chapter 4
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. A user (“Mike”) adds a room to the server named “Technical Support”

(lines 24-25)

6. Check that the new room is successfully added to the server (line 26) and

its status is public (line 27)

7. The owner of (“Technical Support”) room (“Mike”) changes the room sta-

tus to private (line 30)

8. Check that the status of the room is changed to private (line 31)

9. The owner allows a user to join the room (“Mike” allows “Anna” to join

“Technical Support”)

10. Check that “Anna” is allowed to enter “Technical Support” (line 35)

The benefit of this type of test is that it helps to derive the design, e.g., if all
the classes and feature signatures of the above system (that are referred to in the
Scenario Test) are added to the system (such that project compiles), the design
illustrated in the BON class diagram in Fig. 2.8/ will be automatically generated.
The class diagram presents a design of the system (classes and feature signatures,
but not yet code in the bodies of the features).

The Scenario Test will fail if: (a) the collaboration between the various ele-

ments fails to satisfy the specified checks or to produce the anticipated results or
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1 scenario_test: BOOLEAN is

2 local

3 server: CHAT_SERVER

4 mike, anna: CHAT_USER
5 mike_room: CHAT_ROOM
6 users: LIST[CHAT_USER]
7 rooms: LIST[CHAT_ROOM]
8

do
9 -— create the chat server and check it
10 create server.make
11 users := server.users
12 rooms := server.rooms
13 check server.user_count = 1 end
14 check server.room_count = 1 end
15 -— create 2 users Mike and Anna and connect them to the server
16 create mike.make ("Mike")
17 create anna.make ("Anna")
18 server.connect (mike)
19 server.connect (anna)
20 check server.user_count = 3 and server.room_count = 1 end
21 check mike.room = server.lobby and anna.room = server.lobby end
22 check users.has(mike) and users.has(anna) end
23 -- Mike creates and adds a room ‘‘Technical Support"
24 mike_room := mike.create_room ("Technical Support")
25 mike.add_room (mike_room)
26 check server.room_count = 2 end
27 check not mike_room.is_private end
28 check rooms.has(mike_room) end
29 —-- Mike changes the status of his room to private
30 mike.set_private ("Technical Support")
31 check mike_room.is_private end
32 check not server.is_allowed (anna, "Technical Support") end
33 -- Mike allows Anna to join the Technical Support room
34 mike.allow_user ("Anna", "Technical Support")
35 check server.is_allowed (anna, "Technical Support") end
36 Result := True
37 end

Figure 2.7: Scenario Test

(b) the contracts fail while executing the tests. Scenario Tests (as in Fig.[2.7) thus

do two things for us. Firstly, they specify the design. Secondly, they specify such
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users: LIST [...

ms: LIST[..], ...

CHAT_ROOM

Figure 2.8: Design consequence of the Scenario Test

design in a mechanically testable manner.

2.4 Synergy between ML-Contracts and Scenario Tests

ML-Contracts provide precise general specifications covering all states of the
program, and Scenario Tests execute and check the correctness of the ML-Contracts
with respect to the specific data used. There is thus a synergy between the ML-
Contracts and the Scenario Tests. They both specify aspects of the design and
both are mechanically checkable. ML-Contracts act as test amplifiers, i.e., when
we execute the tests, all ML-Contracts will also be executed and tested. Together
they provide precise Testable Specifications of the future software product. By
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writing such testable specifications early we:

1. Communicate with clarity to all developers what the future product must

do.
2. Provide a concrete testable criterion to indicate when this job is completed.

3. Provide precise readable documentation guaranteed to be up to date with

the code.

4. If we work incrementally (as in TDD), we can add new units of function-
ality while at the same time providing regression testing of the already

implemented functionality.

5. Provide the developer with a safety net to refactor (change the implemen-
tation without changing the functionality), as the testable specifications can

be re-run after any changes to check that the functionality is preserved.

2.5 ES-Test for Testable Specifications

ES-Test (see Fig.[2.]) is the part of the ESpec tool that handles testable specifica-
tions (ML-Contracts and Scenario Tests). ES-Test has a unit testing framework
that provides facilities for developers to write and execute unit tests similar to

JUnit for Java. This facility can be used to write Scenario Tests as well.
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However, ES-Test also supports contracts. Thus, contract violations are re-
ported in the GUI and accurately pinpoint the failing contract clauses of a given
feature (tests may be run from the command line as well). Two kinds of test cases
are supported: Boolean Tests and Violation Tests.

ES-Test is a successor to an Eiffel unit testing library called E-Tester reported
in [73]. The contribution of this author to further development of the tool in-

cludes:

1. Allowing unit tests to be integrated with other checks (such as Fit tests and

static verification) in a single test suite.

2. The addition of Tagged Violation Tests (see section 2.5.2).

3. Complete reports of the type of contract violation and the tag involved in
the violation (both in the GUI and the command line version of the tool).
A developer may use the show_error command to reflect the complete call

stack in the report (see Chapter [).

2.5.1 Boolean Test

ES-Test supports Boolean Test case and Violation Test case. A Boolean Test is a
query routine that returns a BOOLEAN result. This type of test checks the System

Under Test (SUT) by invoking program features, and then checking that the state
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of the computation satisfies certain conditions. The test passes if and only if the
conditions are true and all the contracts are satisfied (i.e., there are no contract
violations or runtime exceptions). If a Boolean Test case succeeds, i.e., it termi-
nates with a true result, then all the contracts invoked during the test have also
succeeded and we have thus partially checked the correctness of the SUT.

If any contract is violated during the execution of the test, the violation will
be reflected in the final report of the ES-Test tool. This report also provides ad-
ditional debugging information for the developer to fix the problem. A precon-
dition violation during the execution of a test tells us that the calling class is at
fault. Any postcondition, invariant or check instruction violation tells us that the
supplier is at fault.

An example of a Boolean Test case was already shown in Figures 2.7land
For detailed explanation on how to execute such tests, please see the ESpec’s

user manual in Appendix[Dl

2.5.2 Violation Test

If a Boolean Test succeeds, then there are no contract violations for the given sce-
nario. By contrast, a Violation Test calls a routine in a state in which it is expected
that the precondition (or the class invariant) is violated and then checks that the
violation occurs. Such a test succeeds only if the expected contract violation oc-
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curs.

Why would we want to test for violations? A Boolean Test can never check
that a feature has an appropriate precondition (or class invariant), whereas a
Violation Test can check for a missing precondition by calling the feature in a
state that violates the precondition.

At times, the precondition exists, but is only partially correct. For example,
suppose the precondition for a routine is i > 0 (accept only positive values for i),
and suppose instead, that the developer writes the incorrect precondition i > 0.
A Violation Test might call the routine with i = 0 expecting a contract violation.
When the expected contract violation fails to occur, the developer is informed
that the precondition is incompletely specified.

As another example, consider the put feature of class DICTIONARY (shown
in Fig. 2.9) which inserts a key and its associated value into the dictionary. The
precondition of this feature (captured as an ML-Contract) asserts that the new
key should not already be a member of the dictionary (key ¢ model), where the
model is a mapping between the inserted keys and the corresponding values. The
construction of this model is done at lines 25-36 of Fig.[2.91using the ML_MAP class
of the ML library.

A Violation Test is a command routine (as opposed to a Boolean Test which

is a query). It is expected that the command routine will generate an exception

54



— O 0 0N ONUl kW

_ =

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

class
DICTIONARY [KEY, VALUE]

put(v: VALUE; k: KEY) is
-— Put key ’k’ into the dictionary with associated value ’v’

require
key_not_in: not model.has_key (k)

local
dictionary_item: DICTIONARY_ITEM[VALUE, KEY]

do
create dictionary_item.make(v, k) -- create an item with key 'k’ and

value ’v’

container.extend (dictionary_item)

ensure
count_incremented: count = old count + 1
new_key_value_added: model |=| ((old model) .extended_by (k, v))
check_value: equal((model.item (k)), v)

end

feature {NONE} -- implementation

keys: LINKED_LIST [KEY]
values: LINKED_LIST [VALUE]

feature —- model
model: ML_MAP [KEY, VALUE] is

-- what is the implementation of the current dictionary?

local
set_pairs: ML_SET [ML_PAIR [KEY, VALUE]]
a_pair: ML_PAIR [KEY, VALUE]

do
create set_pairs.make
create a_pair
set_pairs := a_pair.from_parallel_lists (keys, values)
create Result.make_from_pair_set (set_pairs)
Result. compare_objects

end

Figure 2.9: Put feature of a dictionary

during its execution. An example of a Violation Test for the dictionary is shown

in Fig. which invokes the put routine with a key which is already in the

55



dictionary. This test case, creates a DICTIONARY object (line 11) and then inserts
the same key “keyl” twice (lines 12 and 13) expecting that an exception should

be generated, thus checking that the precondition is correctly and completely

expressed.
1 put_violation is
2 local
3 a_dictionary: DICTIONARY[INTEGER, STRING]
4 v: INTEGER
5 k1, k2: STRING
6 do
7 comment("Fails to put a key which already exists in the dictionary")
8 v := 123
9 k1 := "keyl"
10 k2 := "keyl"
11 create a_dictionary.make
12 a_dictionary.put(v, k1)
13 a_dictionary.put(v, k2) -- should fail here
14 end

Figure 2.10: A Violation Test Case for put feature of the DICTIONARY

ESpec provides another type of violation test called a Tagged Violation Test.
This kind is similar to the standard violation case; however, a specific contract
violation is expected.

Contracts are written as a sequences of clauses. Each clause may option-
ally have an associated description tag (e.g., the tag key_not_in in Fig. 2.11). A
Tagged Violation Test provides a specific tag as input and succeeds only if there

is a contract violation associated with the clause associated with that tag.
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2.5.3 Collections of Test Cases

ES-Test provides the ability to group a set of test cases (either Boolean or Vio-
lation tests) together in a single class (that inherits from ES_TEST). A test suite
collects together such groups of tests. A test suite is constructed in a class that
inherits from ES_TEST_SUITE (see Chapter Bl for more information).

An example of a group of test cases is provided in class DICTIONARY_TEST
(shown in Fig.2.11)) which is a descendant of ES_TEST class. A test may be added
to the group (in the make routine) either as a Boolean, Violation or Tagged Viola-
tion case (lines 9-16 in Fig. 2.11). The command add_violation_case (which is
inherited from ES_TEST class) is used to add a standard violation test.

To add a Tagged Violation case, we use the add_violation_case_with_tag
(also inherited from ES_TEST) and we provide the exact name of the expected
violation tag. Similarly, the add_boolean_case command is used to add Boolean
test cases.

The run_espec command (line 15 in Fig.[2.11)) executes all the test cases spec-
ified in the creation routine of class (DICTIONARY_TEST).

The results will then be collected and reported to ESpec’s GUL Any type of
exception such as precondition, postcondition, invariant, check instruction, loop

variant, and loop invariant violations as well as other errors (e.g., an OS error)
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class
DICTIONARY_TEST
inherit
ES_TEST -- All test unit classes inherit from ES_TEST
create
make
feature

make is
-— In the make routine we define test cases associated with this class
do
add_boolean_case (agent dictionary_test_put)
add_violation_case (agent put_violation)
add_violation_case_with_tag ("key_not_in", agent put_violation)

run_espec
end
feature —-- Test Cases (Boolean/Violation) are written in this section
end

Figure 2.11: Test Unit class that contains number of test cases

will be reported directly to the GUI. The test cases can be run individually or in

unison with feedback to a single green/red bar. A snapshot of ESpec GUI was

shown in Fig.2.1]

2.6

Conclusion

We have argued in this chapter that it is the automatic testability of specifications

that is important. Testable specifications are very concrete—they either succeed

or they fail, and then you know if the two viewpoints (specifications and imple-

mentations) are consistent.
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In the first chapter we described the development process as follows:

1. Specification correctness: P A S — R

2. Implementation correctness: C — S

3. System correctness: From (1) and (2) conclude that: PAC — R

In this chapter we have shown how ESpec can be used to test specifications—
formula (2). The next chapter discusses how we can test requirements—formula
(1)—in such a way that testable requirements and testable specifications can be

checked together in an integrated fashion.
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3 Testable Requirements

The primary measure of success of a software system is the degree to which it
meets the purpose for which it was intended. Requirements engineering is the
process of discovering that purpose, by identifying stakeholders and their needs,
and documenting these in a form that is amenable to analysis, communication,
and subsequent implementation [69].

A requirement will generally avoid saying how the system should be imple-
mented leaving such decisions to the designer. According to [89], a high quality

requirements document must be:

e Correct—Each requirement must accurately describe the functionality to
be delivered. The customer is the ultimate authority to determine the cor-

rectness of the requirement.

e Unambiguous—The reader of a requirement statement should be able to

draw only one interpretation of it.

e Complete—No necessary information should be missing from the require-

60



ments.

e Consistent—A requirement should not conflict with other requirements or
with higher level business rules. Disagreements among requirements must

be resolved before development can proceed.

e Verifiable—The customer must be able to determine if the requirements
have been met. If a requirement is not verifiable, determining whether it
was correctly implemented becomes a matter of subjective opinion. Re-

quirements that are ambiguous are thus not verifiable.

A Testable Requirement is a consistent, unambiguous description of the ex-
pected system behaviour that is verifiable. The question is how do we make
requirements verifiable?

In the first chapter, we distinguished between a design specification S and
a customer requirement R in a problem domain described by P. As asserted in
Formula (1) in Section [L.3] the relationship between the customer’s requirement
and a design specificationis P A S — R (i.e., any behaviours that satisfy the spec-
ification also satisfy the requirements). To test for the presence of requirement R
is to check that the suggested design solution S entails the requirement.

If the requirements are described informally (e.g., as English text) then there
is no real way to test them mechanically. Furthermore, as the solution S is re-
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tined, we will want to check P A S — R repeatedly (as in continuous regression
testing). So it would be advantageous to mechanize requirement testing. This
means that requirements must be formalized in order to mechanize requirement
testing.

Our approach will be to use the Fit framework [68] to formalize requirements
in a language understandable to customers (i.e., it is not a programming lan-
guage). The benefit of the Fit framework is that business people and customers
can define and edit the tests according to what they believe is the correct function

of the code.

3.1 Fit Framework

The Fit framework (Fit) [68], was developed by Ward Cunningham as an at-
tempt to fill the gap between developers and the customers. Customers cannot
be expected to write Scenario Tests or ML-Contracts as these require special pro-
gramming skills. What the Fit framework does is it allows customers with no
programming background to write acceptance tests for software products in the
form of understandable tables in their word processor or spreadsheet applica-
tion (provided that HTML can be generated by the application). Customers can
use freely available web browsers or HTML editors to view and edit their tests.

Incorrect or incomplete requirements is a problem in software projects and it
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is usually due to lack of understanding on the part of developer of the customer

requirements. According to [45]:

Lack of user involvement traditionally has been the No. 1 reason
for project failure. Conversely, it has been the leading contributor
to project success. Even when delivered on time and on budget, a
project can fail if it doesn’t meet user needs or expectations...

Fit enhances the collaboration in the development process by allowing cus-
tomers to lend their experience in the subject matter to the effort. Fit automat-
ically compares customer’s expectations to actual results of testing and gives
them a way to see what software really does.

An important benefit of Fit is that it encourages thinking about the problem
domain (as opposed to the solution space), in the same way that Test Driven De-
velopment encourages thinking about design (as opposed to implementations).

As an example, consider the following business rule that describes the calcu-

lation of customer credit limits:

[R1] “Credit is allowed, up to an amount of $100,000 for compa-
nies who have been trading with us for at least one year and have
a balance owing of less than $60,000. This credit is extended to an
amount of $200,000 for companies who have been with us for more
than two years.”

Our banking customer may use an editor to create the Fit table shown in
Table B.1] which is an example of a “Column Table” (which will be discussed
in more detail in the following sections). This table is a concrete and testable

description of the business rule [R1].
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Calculate Credit

Months trading | Balance | Should be given credit? | Maximum credit allowed
12 50000 | True 100000
12 61000 | False 0

11 10000 | False 0

11 70000 | False 0

13 50000 | True 100000
15 70000 | False 0

24 10000 | True 100000
24 80000 | False 0

25 10000 | True 200000
25 59999 | True 200000
25 70000 | False 0

Table 3.1: Fit Table describing a set of concrete examples related to [R1]

The first row of the table contains the table name. The second row contains
the column headings. There are two types of column headings: The first two
(Months trading and Balance) are the given inputs and the next two (Should be
given credit? and Maximum credit allowed) are the expected values for testing the
creditworthiness of a company. The client is able to check the table against the
code that developers have been working on, and see the output shown in Ta-
ble 3.2 (passed cases are colored green®).

Each row is an independent test case. For example, the third row illustrates a
passed test, i.e., a company has been trading for one year and has a balance less
than $60,000. The 9th and 10th rows show failed tests, i.e., the system under test
generated outputs which were not expected for the case. Inspecting these two

failed cases shows that the implemented code has not correctly calculated the

>A color mapping chart is provided in the Appendix[El (see Table[EI) for understanding the
black and white copies of this thesis.
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Calculate Credit
Months trading | Balance | Should be given credit? | Maximum credit allowed

12 50000 | True 100000

12 61000 | False 0

11 10000 | False 0

11 70000 False 0

13 50000 | True 100000

15 70000 | False 0

24 10000 | True 100000 Expected

0 Actual

24 80000 False Fxpected 0
True Actual

25 10000 | True 200000

25 59999 | True 200000

25 70000 False Fxpected 0 Expected
True Actual 200000 Actual

Table 3.2: Result of running table

output values for the boundary case of 24 months. As shown in Table[3.2] these
errors are directly reported to the Fit table with both the actual value (as returned
by the system) and the expected value (asserted by the customer) highlighted.
The last row of the table shows another failed case. This case expects that
implemented code disallows credit for a company which has been trading for
more than two years (25 months) and has a balance of $70,000. Comparing this
test case to the informal requirement [R1], we can see that [R1] does not clearly
specify the required balance for giving credit to a company who has been trading
for more than two years (i.e., [R1] says “...This credit is extended to an amount
of $200,000 for companies who have been with us for more than two years” but

never clearly say anything about the balance of those companies). However, the
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tables clearly expects that no credit should be given to such company if its balance
is $70,000.

The failed cases in the Fit table usually generate discussions between the de-
velopers and the customers. These discussions are valuable because they give
the developers a better understanding of what the customers really want. Af-
ter further investigations about this particular case, developers understood that
the required balance for giving credit to a company remains the same (less than
$60,000) even for companies who have been trading for more than two years.
The informal requirement [R1] assumed that it was understood from the context
that the balance requirement is the same as before (less than $60,000); however,
an upfront concrete test like Table[3.2/from the client revealed that the system un-
der test did not achieve such requirement (see Section [E.1] for the Fixture source
code).

Fit creates a feedback loop between customers and programmers. It's an
invaluable way to collaborate on complicated problems—and get them right—
early in development. Informal requirements alone are inadequate (as we saw
in case of [R1]), especially when they have to be completed without feedback
from the development process. Having concrete tests that are based on realistic
examples from the business domain help build a common understanding of the

business needs.
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We can summarize the benefits of Fit tables as follows [68]:

e Communication: providing a way for people who want a system to dis-

cuss and communicate that need in a concrete way.

o Agility: keeping the software in good shape by supporting design changes
that are essential as the needs of the business change. Automated tests help
define those changes and help ensure that any changes to the software do

not break previously satisfied requirements.

e Balance: spending less time on gaining balance with fixing problems by
reducing the number and severity of problems, catching them early, and

making sure they don’t return.

3.2 ESpec support for Fit

ESpec’s Fit engine (ES-Fit) is the first implementation of the Fit Framework for
the Eiffel language. ES-Fit supports all the official tables as described in the
original Fit framework. Developers and/or the customers can run these tests
against the implementation under development to see if it behaves correctly.
How does the developer satisfy the requirements specified in the customer-

provided Fit table? The developer will need to write two kinds of classes: Fixture
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classes and classes of the business logic (see Fig.[3.I). Fixtures are glue code be-
tween the customer-provided requirements and the business logic. ES-Fit pro-
vides libraries that allow the developer to easily develop such Fixtures that con-
nect the requirements to the business logic. ES-Fit uses the developer written
Fixture classes to parse the requirement document, extract the tables, interpret
the tables and invoke the relevant business logic and then reflect the results of
running the business logic back to the tables in the requirements document. The
rows in tables where the checks succeed are coloured green and those that fail

are coloured red.

RI: Chat Server Satup

start | Chat Server

check | Is server running? True

check | Number of server rooms | 1

check | Number of server users | 1 H

enter | [user] Admin ReqUIrements

enter | [room] Lobby

check | 1s [user] connected? True

check | 1= [user] in [room]? True

check | [room]'s owner Admin

777777 (o= T TN
| FIXTURES | o\ BUSMESSLOGIC, N
AN T T ~ // \\
\
/ \ | <__CHAT SERVER > CHAT ROOM > |
| CCHATACTION = | | ;
| |
! = | :
| |
! || C_CHAT USER > !
N e \\ /
~— —
. M
Fixture code Business logic

Figure 3.1: Relationship between Fit tables, Fixtures and the Business logic.

Fixtures define how the underlying Fit engine should read and execute each

table of the HTML document. ES-Fit implements three types of Fixture classes
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that correspond to each of the table types in the original framework, namely:
ES_COLUMN_FIXTURE, ES_ACTION_FIXTURE, and ES_ROW_FIXTURE. ESpec adds num-

ber of extensions to the original Fit framework:

e Introducing Design by Contract (DbC) into the Fit Framework: Contract
violations will be reported directly to the tables allowing the customers to
give valuable feedback to the developers right from the start of the devel-

opment process. This helps developers catch bugs in the specifications.

e Flexible method for constructing new Fixture types: ES-Fit allows the de-
veloper to redefine—and therefore change the behaviour of—the default
Fixtures in order to create new desired types of Fixtures (implementation

detail will be discussed in Chapter[5).

e Addition of Reference Tables: The ability of a Fixture to reference com-
mon data that is shared between Fit tables simplifies the description of the

requirements (see Chapter[5).

¢ Flexible naming conventions: ES-Fit does not force customers to follow
a strict naming convention. Customers can directly use business terms as
they appear in the problem domain (i.e., customers don’t need to know
anything about the solution domain such as Fixtures classes, business logic

classes, etc.). This is an improvement to the original Java implementation
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of the Fit framework in which customers are restricted to use particular
names in their tables (e.g., in the Java version, header names of the table
should be the same as the Fixture class or header name of each column

should be exactly defined as the function name defined in the Fixture code).

ESpec works in either the command line mode or the GUI mode (see Ap-
pendix [D). The developer and or the customer can select the input HTML file
(or a directory in case there are number of HTML inputs) and then press “Run
ES-Fit” button on ESpec’s GUI. This will invoke ES-Fit. ES-Fit will read the input
HTML file and execute the Fixture code associated with tables defined inside the
HTML document and reports the results back to the tables. If any of the Fit tests
fail, a red bar will be displayed to the user. The user can then click on the failed
Fit tests to see the failures.

After Fit tables are provided by the customers, the next step for the devel-
opers would be to implement the Fixture code. Fixtures drive the development
process by forcing the developers to write enough code (e.g., classes and feature
declarations) so that the system becomes compilable.

In the following sections, we introduce different types of default Fixtures
which are supported by ES-Fit. For more information regarding the implemen-

tation and design of the ES-Fit tool, please see Chapter Bl
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3.2.1 Column Fixture

The ES_COLUMN_FIXTURE class, provides facilities for the developers to define a Fit

Column Fixture. A Column Fixture is used to test the calculations or decisions

that are made by the system under test. A Column Table captures the business

logic (in the problem domain) by allowing the customers to define business logic

in a tabular format with number of columns corresponding to the input data and

a few more columns for expected results. A sample Column Table was already

shown in Table

Table is a simpler example of a Column Table. The header is the name of

the table and is a string arbitrary chosen by the customer. The first two columns

of this table (P and Q) are the input Boolean values and the next three columns

(Pand Q, P or Q and P implies Q) are the expected Boolean outputs.

Logic Calculations

P Q Pand Q | Por Q | Pimplies Q
True | True | True True True

False | True | False True | True

True | False | False True False

False | False | False False | True

Table 3.3: A sample Column Table

Fit ignores any formatting applied to table cells; italicized, bold, or under-

lined text can be used to highlight important rows or values in the table without
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affecting Fit’s ability to execute the test. Fit executes tests one row at a time, from
left to right of the column order.

The Fixture code associated with this table is shown in Fig. The Fixture
class is a concrete subclass of ES_COLUMN_FIXTURE (line 4). The creation routine
make (lines 10-15) binds the customer-provided names of the calculations (in the
Fit table) to the appropriate agent function defined in the body of the Fixture
class. For example, string “P and Q” is bound to calculate_and agent at line 12.

For simple examples, the business logic resides in the Fixture code. For ex-
ample, in Fig. B.2lthe calculation of “P implies Q” given by Result := a implies
b is contained in the Fixture code (lines 29-32). Obviously, as the code increases
in complexity the developer will want to develop design classes. The job of the
Fixture code will be to call the appropriate features of the business logic.

In order to run the Fit tests, the developer needs to define a root class (shown
in Fig. 3.3) in which, the name of the tables are bound to the corresponding
Fixture classes, e.g., every table with name “Logic Calculations” is bound to the
LOGIC_FIXTURE class.

ES-Fit can be invoked either through the command-line or through the ESpec
GUI. ES-Fit reads the input HTML file (or a directory containing HTML files)
and runs the Fit tables against the system under test. Fig.[3.4lshows the result of

executing the “Logic Calculation” table.
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1 class

2 LOGIC_FIXTURE

3 inherit

4 ES_COLUMN_FIXTURE

5

6 create make

7

8 feature —- creation

9

10 make -- binding is done in here

11 do

12 bind ("P and Q", agent calculate_and)
13 bind ("P or Q", agent calculate_or)
14 bind ("P implies Q", agent calculate_implies)
15 end

16

17 feature -- agents for calculations

18

19 calculate_and (a, b: BOOLEAN): BOOLEAN
20 do

21 Result := a and b

22 end

23

24 calculate_or (a, b: BOOLEAN): BOOLEAN
25 do

26 Result := a or b

27 end

28

29 calculate_implies (a, b: BOOLEAN): BOOLEAN
30 do

31 Result := a implies b

32 end

33 end -- class LOGIC_FIXTURE

Figure 3.2: The Fixture code associated with the Column Table

When a table is checked, the cells representing expected outcomes are shaded
green, red, yellow, or gray; green means that expected and actual values match,
red means they didn’t match (in which case expected and actual appear in the

cell), yellow indicates that an unexpected error happened or a contract violation
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class -- Root class of the system
ROOT_CLASS

inherit
ES_SUITE

create
make

feature -- binding the name of the table to the associated Fixture class
make
do
add_fixture ("Logic Calculations", create {LOGIC_FIXTURE}.make)
run_espec
end
end -- class ROOT_CLASS

Figure 3.3: System ROOT_CLASS for running Table3.3]

was thrown (a stack trace appears in the cell directing the developers to the loca-
tion of the problem), and gray means that the field or method is not implemented

in the Fixture class or that the cell was ignored by ES-Fit.

Logic Calculations

P Q Pand Q | Por Q| P implies Q
True | True | True True True

False | True | False True True

True | False | False True False

False | False | False False | True

Table 3.4: Result of executing Table

3.2.2 Action Fixture

Any class that is a descendant of ES_ACTION_FIXTURE class, becomes an Action

Fixture. An Action Fixture tests that a series of actions carried out on an applica-
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tion works as expected. An Action Fixture starts a class from the underlying sys-
tem by creating an instance of that class. Subsequent actions are made through
teature calls on that object.

An Action Table (input to an Action Fixture) is created by the customers to
define a sequence of actions to be executed on the underlying system. Customers
can express the expected behaviour of the system when such sequence of actions
are carried out. Each row in an Action Table defines a single action. Actions
are defined with the help of following keywords (each row must start with a

keyword):

start app: create/reset the application app.

enter act arg: run action act, on the application app, and provide an input

argument arg.

press act: run action act, on the application app (no argument is provided).

check prop val: check that the property prop has value val in the application
app.

The start keyword in an Action Table causes the corresponding Action Fix-
ture to create or re-initialize an object. It is the job of the developer to make the

appropriate connections in the Fixture class (i.e., to decide which objects need to

be created).
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The press and the enter keywords execute commands that correspond to the
actions defined by the customers. The check keyword runs a function query on

the object which was originally initialized by the start.

Counting Device Counting Device
start | counter start | counter
check | display 0 check | display 0
press | increment press | increment
check | display 1 check | display 1
press | increment press | increment
check | display 2 check | display 2
press | decrement press | decrement
check | display 1 check | display 1
enter | display value | 3 enter | display value | 3
press | set display press | set display
check | display 3 check | display 3
Table 3.5: An Action Table for a Table 3.6: Result of Table[3.5]

counter device

An Action Table for controlling and testing a counter device is shown in Ta-
ble The corresponding Fixture code is shown in Fig.[3.4]

In the first row of Action Table B.5] the Customer provides an arbitrary title
such as: “Counting Device”. In the first column of the table we can see keywords
(start, check, enter and press) which we described above.

The keyword start is used to initiate the counter device. Usually, there is
only one start per Action table. Thus, the second row of the table starts the
business logic for the counter. If there is another Action Table in the same HTML

document, it will use the current counter unless there is another start in that
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table (which would re-initialize the counter business logic).

The keyword used in the third row is check. It tests that a property (desig-
nated by the descriptive text in the second column) satisfies some value (speci-
tied by the text in the third column). The action in the third row thus states that
the counter “display” must have the value “0”.

Properties of the business logic are specified in the second column of the Ac-
tion table. The customer may use any descriptive string (say Str) to denote a
property (say Prop) in the second column. Once Str is specified then it always
denotes the same property Prop throughout this table and any other Action ta-
ble. Values in the third column of the Action table are interpreted by the Fit
framework as booleans, integers, reals, characters, strings and arrays of the ba-
sic types. As far as the customer is concerned, a value is just a descriptive string
(e.g., “07,"17,"2", etc...).

The keyword press in Table[3.5 denotes an action that effects some change in
the business logic (incrementing the value of the counter). The keyword press
may be used together with enter to denote a parameterized action, e.g., we may
use “enter display value” together with the action “press set display” to change
the value of the counter to an arbitrary value.

The start keyword causes the Fixture code to run the start routine (lines 22—

23 in Fig.[3.4) by passing the value of the second cell (“counter”) as the argument.
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1 class COUNTER_FIXTURE inherit

2 ES_ACTION_FIXTURE

3 create

4 make

5

6 feature{NONE}

7 make is -- Binding is done in here

8 do

9 bind("increment", agent increase)

10 bind ("decrement", agent decrease)

11 bind ("display", agent display)

12 bind("display value", agent set_display_value)
13 bind("set display", agent set_display)
14 end

15

16 counter: COUNTER -- Global object created by start
17
18 display_value: INTEGER

19

20 feature -- Actions to be invoked on the system under test
21

22 start (arg: STRING) is

23 do create counter.make end

24

25  display: INTEGER is

26 do Result := counter.display end
27

28 increase is

29 do counter.increase end

30

31 decrease is

32 do counter.decrease end

33

34 set_display is

35 do counter.set_counter (display_value) end
36

37 set_display_value (v: INTEGER) is
38 do display_value := v end

39

40 end -- class COUNTER_FIXTURE

Figure 3.4: The Fixture code associated with the Action Table
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This argument value could be used to create variety of applications in the start
routine.

The check keyword executes the display (lines 25-26) routine and then com-
pares the returned value “0” to the expected value in the table. If there is a match,
then the corresponding cell will be marked with green. Binding the names ap-
peared in the table to the associated agent routines is done in the creation routine
make (lines 7-14) this is similar to a Column Fixture.

The enter action calls the routine set_display_value (lines 37-38) which is
bound to the name in the second column (“display value”) passing “3” as its
argument.

Another way to see an Action Table is to think of it as an “imaginary Graph-
ical User Interface (GUI)” with various empty text fields and buttons (similar to
Fig. B.5). The job of an Action Table, is to mimic an imaginary customer who
enters text into the text fields of a GUI and then clicks on various GUI buttons in

order to test the underlying application.

3.2.3 Row Fixture

A Row Table tests whether the expected elements of a collection (or database)
matches the actual elements in the collection (or database).
In ES-Fit, the developer can define a Row Fixture class by inheriting from the
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Counter Device [;]

Display

Commands
[ start ] [ increment H decrement ]

Change Display

[ set display ]

Enter display value

Ready

Figure 3.5: Action Fixture Table simulates an imaginary GUI

generic class ES_ROW_FIXTURE. An algorithm matches rows with objects based on
one or more keys. Objects may be missing or in surplus and are so noted [68]. A
simple example of a Row Table is shown in Table B.Zl which checks the contents

of a phone book. The Fixture code associated with this example is shown in

Fig.B.6l
Phone Book Phone Book
Name | Telephone# Name | Telephone#
Bob 416-212-1234 Bob 416-212-1234
Sara |905-213-1111 Sara | 905-213-1111
Jack |416-433-1322 Jack | 416-433-1322
Table 3.7: A Row Table for checking Table 3.8: Result of Table[3.7]

entries in a phone book
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The binding of the table headings, i.e., “Name” and “Telephone#”, to the asso-

ciated agents are done in the make routine as before (lines 10-14).

1 class

2 TELEPHONE_ROW_FIXTURE

3 inherit

4 ES_ROW_FIXTURE [TELEPHONE_ENTRY]

5

6 create

7 make

8

9 feature

10 make is -- Binding is done in here

11 do

12 bind ("Name", agent get_name)

13 bind ("Telephone#", agent get_number)

14 end

15

16 get_name(an_element: TELEPHONE_ENTRY): STRING is
17 do Result := an_element.name end

18

19 get_number(an_element: TELEPHONE_ENTRY): STRING is
20 do Result := an_element.telephone_number end
21

22 query (list: STRING): LINKED_LIST[TELEPHONE_ENTRY] is
23 local

24 eleml, elem2, elem3: TELEPHONE_ENTRY

25 do

26 create eleml.make ("Bob", "416-212-1234")
27 create elem2.make ("Sara", "905-213-1111")
28 create elem3.make ("Jack", "416-433-1322")
29 create Result.make

30 Result.extend (elemi)

31 Result.extend (elem2)

32 Result.extend (elem3)

33 end

34 end

Figure 3.6: The Fixture code associated with the Action Table

The query at line 22 is a deferred feature inherited from the ES_ROW_FIXTURE

which must be effected in the subclass. For this simple example, the business
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logic resides in the Fixture code, e.g., the database of telephone entries is created
and populated in the Fixture code (lines 26-32); however, in complex systems,
the job of the query feature is to retrieve the database from the system under test
and convert such database to a LINKED_LIST[G] where G is the generic type of the
objects defined in the Row Fixture (TELEPHONE_ENTRY in our example).

The result of running Table 3.71is shown in Table A green row indicates
that the element described by the row matches an element in the database (e.g.,
in the system under test, there exists a telephone entry object whose name is
“Bob” and with telephone number “416-212-1234"). If there are some objects in
the database of the system under test which are not expected (i.e., there are no
corresponding rows in the table), then they will be reported as Surplus. For ex-
ample, if we extend the database with a new telephone entry item (with name
“Tom” and telephone number “416-555-1212"), then the resulting table will look
like Table On the other hand, if some elements are expected in the table
(in the form of rows) but the database does not contain objects corresponding to
those rows, they will be reported as Missing. For example, if we remove line 31 in
Fig.[3.6] the database will miss the telephone entry associated with “Sara”; there-
fore, the resulting table after execution of ES-Fit will look like Table The

code of class TELEPHONE_ENTRY (part of the business logic) is shown in Fig. 3.7
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class
TELEPHONE_ENTRY
create
make

feature —- Creation

make (a_name: STRING; a_number: STRING) is
require
name_non_void: a_name /= void
number_non_void: a_number /= void

do
name := a_name
telephone_number := a_number
ensure

name_set: name.is_equal (a_name)
number_set: telephone_number.is_equal (a_number)
end
feature —— Implementation

name: STRING

telephone_number: STRING
end

Figure 3.7: A TELEPHONE_ENTRY object with name and a telephone_number

3.3 Errors in Fit Tables

In Chapter 2} Scenario Tests and ML-Contracts helped us to specify aspects of
the design in an automatically testable format. When these tests run success-
fully, we obtain a certain amount of confidence that the implementation satisfies
the specification. However, there is yet no guarantee that the specified design
satisfies the requirements as described in the Fit tables. We may be designing

the product right—yet, we still do not know if we have the right product! There
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Phone Book

Name Telephone# Phone Book

Bob 416-212-1234 Name Telephone#

Sara 905-213-1111 Bob 416-212-1234

Jack 416-433-1322 Sara m/ssing | 905-213-1111

Tom surplus| 416-555-1212 Jack 416-433-1322
Table 3.9: Database contains an un- Table 3.10: Database misses an ex-
expected element pected element

are two types of errors that may be reported by ES-Fit:

e A category 1 error is one in which the expected behaviour declared in the ta-
ble disagrees with the actual behaviour of the system (without generating
any contractual violations). This type of error indicates that the implemen-
tation is faulty and (in addition) that there is either a wrong or incomplete

specification (that was not flagged by an appropriate contract violation).

e Any contract violation is a category 2 error and such violations are reported
in the Fit tables. This type of error indicates that implementation does not

satisfy its specification (contract).

Consider a customer who requires storage space on their system of 180 Gi-
gabytes as shown in Table B.11l This requirement may be written as storage >
180GB. A variety of specifications are shown together with an incorrect imple-
mentation (make := Seagate ; storage := 160GB).

The first specification (make € {Seagate, Hitachi} N\ storage = 160GB) is wrong

because it specifies too little storage to satisfy the requirement. The second spec-
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ification (make € {Seagate, Hitachi}) is incomplete because while specifying the
make of the hard drive, it omits to specify the size (thus, allowing an imple-
mentor to provide too little storage). The third specification is both correct and

complete (satisfies the requirements) and thus catches the incorrect implementa-

tion.
e Requirement: storage > 180GB
e Specification: see the table below
e Implementation: make := Seagate ; storage := 160GB
SPECIFICATION CATEGORY 1 CATEGORY 2
(EXPECTED VS. ACTUAL) (CONTRACT VIOLATION)
make € { Seagate, Hitachi} X

~ Storage = 160GB Specification Error

make € { Seagate, Hitachi} x

Incomplete Specification

make € { Seagate, Hitachi} X

A Storage = 200GB Implementation Error

Table 3.11: Fit table errors

3.3.1 Password Example

Let’s suppose that we are implementing a password validation module for an

online banking service. The password rules are described as follows:

¢ [R1] A password must contain a non-numeric character in the
first and last position

¢ [R2] A password must contain at least one capital alphabetic and
one non-alphabetic character
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¢ [R3] A password must be at least six characters in length

Password Validation Fixture Good password | Bad password
Entered password | Is Valid? (satisfies all (requirement
requirements) | violated)

Tsfg121GdgfD True v
#SDdg23dfbv!ffw | True v
e32EdfgfGdd True v
F112231212G True v
X False x R3
1TedfsghDs False x R1
GdgdsZX5 False x R1
efRftfDsscgG False x R2

Table 3.12: Traceability of the informal requirements to Fit requirements

Consider the Fit Table B.12 providing checks of requirements R1 to R3 in
which our customer has provided us with a series of concrete examples of valid
and invalid passwords. We effectively have two “databases” of the functional
requirements R1 to R3: (a) the informal requirements and (b) the Fit tests. It is
important to relate the two so that we can check that all the informal require-
ments are formally checked by Fit.

Tracing the informal requirements to the Fit tests is complicated by the fact
that there is a many-to-many relationship between the informal requirements
and the Fit tests (both ways). In developing Fit tests it is important to show that
all the requirements are covered and that there is consistency between the two

databases.
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The same kind of consistency check can be made using the UML'’s use case
notation. However, the advantage of Fit tests is that we will actually be able to

check that these tests pass.

Password Validation Fixture
Entered password | Is Valid?
Tsfg121GdgfD True
#SDdg23dfbv!ffw | True EFxpected

False Actual

e32EdfgfGdd True
F112231212G True
X False Precondition violated.

PASSWORD_VALIDATION non_numberic_first_last
has_atleast _two_char:
Precondition violated. Fail

PASSWORD_VALIDATION is_valid @1
Routine failure. Fail

1TedfsghDs False
GdgdszZX5 False
efRftfDsscgG False

Table 3.13: Column table for password validation module

In order to check the requirements, the tables are connected to the password
validation module PASSWORD_VALIDATION (shown in Fig. and 3.14) through
a Column Fixture. The Fixture initializes a password validation object and calls
the is_valid feature on that object substituting the password provided in the
table.

After running the tables against the implementation, the following tables are

generated by ES-Fit (Tables and B.14). The forth row of Table shows

87



Password Validation Fixture
Entered password | Is Valid?

gsfgh21t False Postcondition violated.

PASSWORD_VALIDATION alpha_check @2 check_result:
<000000000192D0C8> Postcondition violated. Fail
PASSWORD_VALIDATION alpha_check @10
<000000000192D0C8> Routine failure. Fail
PASSWORD VALIDATION is_valid @1
<000000000192D0C8> Routine failure. Fail

gdfs%fDcfc True
Fwfdggt12111D True
empty False Precondition violated.

PASSWORD_VALIDATION make @4 password_non_empty:
Precondition violated. Fail

sadfgadfgFd4 False

seasdfadfgadfg False

Table 3.14: Continuation of table

an example of an expected vs. actual error (category 1) which does not involve
a contract violation. As we mentioned before, this type of failure indicates that
there is something wrong in the specification. In our case, the postcondition of

the routine non_numberic_first_last (Fig.[3.8) has a problem.

non_numberic_first_last: BOOLEAN is

require

password.count >= 2
ensure

Result = password[1].is_alpha and password[count].is_alpha
end

Figure 3.8: Contracts of non_numberic_first_last
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The postcondition asserts that the routine returns true iff both the first and the
last characters of the password are alphabetic (is_alphais a feature of CHARACTER
class which returns true if the character is alphabetic). The informal require-
ments asserted that a password must have a “non-numeric character in the first
and last position”. Since a non-numeric character is not necessarily an alphabetic
one (e.g., "#) we can conclude that the postcondition was wrong. The implemen-
tation also needs to be revised to satisfy the new postcondition.

If we make the adjustments, the Fit table will indeed show green for that case.

The revised version of the routine is shown in Fig.

non_numberic_first_last: BOOLEAN is
require
has_atleast_two_char: password.count >= 2
do
Result := not (password.item (1).is_digit or
password.item (password.count).is_digit)
ensure
check_result: Result = not (password[1].is_digit or password[count].
is_digit)
end

Figure 3.9: Fixed version of routine non_numberic_first_last

Now we can focus on the next error in Table (where a short password
“X"”1is provided). A precondition violation is reported with an error message point-
ing us to the location of the violation (feature non_numberic_first_last). This
type of violation is an indication of an implementation problem in the body of

the routine that is the client of non_numberic_first_last. The error trace points
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us to is_valid as the caller. Closer look at the implementation (lines 17-21 in
Fig. B.13) reveals that is_valid makes a call to non_numberic_first_last with-
out satisfying its precondition password.count >= 2. A string with size less than
2 (e.g. “X”) caused this precondition violation. The revised version of is_valid
is shown in Fig. This implementation implicitly checks for the precondition
of the non_numberic_first_last (through lazy evaluation). As a result of this

code change, all the tests in table will pass.

is_valid: BOOLEAN is

do
Result := (password.count >= Valid_length and then
non_numberic_first_last and alpha_check)

end

Figure 3.10: Fixed version of is_valid query

We can now focus on Table Both of the failures reported in this table
involve a contract violation indicating a category 2 error. The first one (3rd row)
involves a postcondition violation. A postcondition violation tells us that there
is an implementation problem somewhere in the code, i.e., the implementation
does not satisfy its specification. In our case, the reported error message in the
table indicates that the postcondition of routine alpha_check is violated at the
second line of the postcondition (line 42 in Fig. 3.13).

According to this postcondition, the routine returns true iff the password con-

tains at least one capital alphabetic and one non-alphabetic character. Since the
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postcondition was violated on input password (“gsfgh21t”), we conclude that the
routine is not properly implemented to do the check for capital alphabetic char-
acters (i.e., line 32 in Fig. should also check if the character is uppercase).

The fixed version of the routine is shown in Fig.

alpha_check: BOOLEAN is
require
non_empty: not password.is_empty
local
i: INTEGER; r1, r2: BOOLEAN
do
from i := 1
until Result or i > password.count
loop
if (password.item (i).is_alpha and
password.item (i).is_upper) then

rl := true

elseif not password.item (i).is_alpha then
r2 := true

end

i=1i+1

Result := r1 and r2

end
ensure

check_result: Result =

(to_list.there_exists (agent is_alpha_caps(?))

and to_list.there_exists (agent is_non_alpha(?)))
end

Figure 3.11: Fixed version of routine alpha_check

This brings us to the last violation in table 3.14 which involves a precondition
violation. The precondition of routine make is violated (line 10 in Fig.[3.13). This
precondition specifies that the make routine expects a non-empty string as the

input argument. The customer expects that the system deals with empty pass-
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words and rejects them®.

This type of error in the Fit table is a special case indicating a specification
error made by the programmers (i.e., the front modules to the outside world
must have been designed in a defensive way to be able to deal with unexpected
input values from the customers). Thus, the password validation module must
be able to deal with empty passwords as well as non-empty ones. The solution
is to remove the precondition as shown in Fig. B.12] After this fix, both tables

will indeed pass.

make (a_password: STRING) is
require
password_non_void: a_password /= Void
do
password := a_password
ensure
password_set: password.is_equal (a_password)
end

Figure 3.12: Fixed version of routine make

3.3.2 Error keyword

Fit also allows the developers to describe a case in which the code should fail
with the use of error keyword in the table. This is very similar to a violation test

case (Chapter[D).

®This is asserted by the use of “empty” keyword in the Fit table.
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As an example, let’s assume that the precondition error in Table[3.14 was in-

deed expected from the point of view of the developer, i.e., the developer expects

that the code should fail on empty passwords.

In order to describe such a case, we use the error keyword. By declaring

the expected value of a cell to be “error”, we assert that an exception should be

generated. If such an exception happens, the Fit row will pass. Table[3.15 shows

a summary of other keywords that are available in Fit tables.

Fit Table Keywords
Void
Empty
Ignore
Error
Reference
start
check
enter
press
Expected
Actual
Surplus

Missing

Description

Express a void value

Express an empty string

Ignore the current table

An error should be generated

A reference table

Start the business logic

Check a property of the business logic
Enter text in a text box

Press a button

Customer expected value

Actual value returned by the system
An item returned by the system is not in
the table

An item expected in the table is not
returned by the system

Table 3.15: List of keywords allowed in the Fit tables

3.4 Reference Tables

ES-Fit extends the original Fit framework by adding the notion of “Reference’

7

Tables. Section explains the details regarding the Reference Tables.
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3.5 Summary

In this chapter, we showed how to capture customer requirements through the
use of Fit tables. We introduced three types of Fit tables and their associated
Fixture code and discussed various contract violations that could be reported to
these tables. In the next chapter, we use an example to show how our method

can be used to detect bugs early in the development process.
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class PASSWORD_VALIDATION create
make

feature
password: STRING
Valid_length: INTEGER is 6

make (a_password: STRING) is
require
password_non_void: a_password /= Void
password_non_empty: not a_password.is_empty
do

password := a_password
ensure

password_set: password.is_equal (a_password)
end

is_valid: BOOLEAN is

do
Result := (non_numberic_first_last and
alpha_check and password.count >= Valid_length)
end

alpha_check: BOOLEAN is

require
non_empty: not password.is_empty
local
i: INTEGER; rl1l, r2: BOOLEAN
do
from i := 1
until Result or i > password.count
loop
if password.item (i).is_alpha then
rl := true
elseif not password.item (i).is_alpha then
r2 := true
end
i:=1+1
Result := r1 and r2
ensure

check_result: Result =
(to_list.there_exists (agent is_alpha_caps(?)) and
to_list.there_exists (agent is_non_alpha(?)))

end

Figure 3.13: Password Validation Module
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non_numberic_first_last: BOOLEAN is

require
has_atleast_two_char: password.count >= 2
do
Result := (password.item (1)).is_alpha and
password.item (password.count).is_alpha
ensure
check_result: Result = (to_list.first.is_alpha and to_list.last.
is_alpha)
end
feature —- Support for contracts
to_list: LINKED_LIST [CHARACTER] is
-— converts ’password’ to list for contracts
local
i: INTEGER
do
from create Result.make; i := 1
until i > password.count
loop
Result.force (password.item (i))
i:=1+1
end
end
is_alpha_caps (c: CHARACTER): BOOLEAN is
do Result := c.is_alpha and c.is_upper end
is_non_alpha (c: CHARACTER): BOOLEAN is
do Result := not c.is_alpha end
invariant
password_non_void: password /= Void

end -- End of class PASSWORD_VALIDATION

Figure 3.14: Password Validation Module, Cont.
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4 A Case Study

In this chapter, we illustrate our method of early testable requirements and spec-
ifications with a chat room example. The point of the example is to show that our
approach and tool is wide-spectrum (i.e., deals both with customer requirements
and design specifications) in an integrated fashion. We provide a brief overview

before delving into the details.

41 Overview

We start with a description of the problem domain. The phenomena of the prob-
lem domain includes entities such as chat rooms, users, messages, the chat room
administrator and the interactions between these entities. The informal require-
ments refer to the phenomena of the problem domain and are normally stated
as English text, e.g., “allow chat users to connect or disconnect from the chat
server” or “the chat server may move a user from one room to another”.

We would like to convert these informal requirements into testable require-
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ments. To do this, customers and developers translate as much of the English
text as possible into Fit tables which captures the nature and interaction of the
entities in the chat application in a testable format. For example, our first Fit
requirement for the chat application is provided in Tabled.1]

At this point, there is no actual code that implements the application—thus,
all the Fit tests fail. The job of the developer is to describe a design that satisfies
the requirements. The design is expressed in terms of the phenomena of the
solution space (i.e., the phenomena of the machine in Jackson’s terminology, see
Chapter [I). So, for example, the design may be expressed in terms of object-
oriented classes such as CHAT_SERVER, CHAT_R0O0M, and CHAT_USER. Features such
as enter_room will be needed in class CHAT_SERVER to move a user from one chat
room to another. An initial design is shown in the BON diagram of Fig. 4.3

A design is one thing. Knowing that the design satisfies the requirements is
something else. We could check an implementation of the design directly against
the Fit tables. A Fit table failure would then indicate a flaw in the implementa-
tion of the design.

However, design implementations are usually complex. Feature enter_room
(in class CHAT_SERVER) which moves a user from one chat room to another may
need a search algorithm to find the appropriate user to be moved. Thus, we

may need to write a search routine that is not immediately checked by the Fit
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tables. How will we check that this routine works correctly before integrating
it into feature enter_room? Even after it is integrated, it may work correctly
in the cases described by the Fit tables, yet have flaws in cases not checked by
the tables. Also, the feature enter_room may not correctly interact when used
in conjunction with other features. There are usually an enormous number of
interactions between components of the design that may go wrong and that need
to be checked. This is why developers test implemented components either as
they are developed or post facto, irrespective of any acceptance tests that will be
conducted by their customers.

But, against what must the implementation be tested? The answer is that
the developer has an intuitive idea how the design must behave—this is the de-
sign specification. Specifications are not the same thing as the customer require-
ments (that describe phenomena in the problem domain). Specifications must
describe the phenomena in the solution space such as class CHAT_SERVER, its fea-
ture enter_room and the search routine that it depends upon.

A design specification must also manifest good design principles. Some im-
portant ideas in this context include the notions of information hiding and sep-
aration of concerns via well-defined module interfaces. A large program should
be divided into separate chunks that can be developed and tested independently

of each other:
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A well-defined segmentation of the project effort ensures system mod-
ularity. Each task forms a separate, distinct program module. At im-
plementation time each module and its inputs and outputs are well-
defined, there is no confusion in the intended interface with other
system modules. ... Finally, the system is maintained in modular
tashion; system errors and deficiencies can be traced to specific sys-
tem modules, thus limiting the scope of detailed error searching ([78]],
quoting Gauthier and Pont “Designing Systems Programs”).

Parnas’s information-hiding definition of modules is the first pub-
lished step in [a] crucially important research program, and it is an
intellectual ancestor of object-oriented programming. He defined a
module as a software entity with its own data model and its own
set of operations. Its data can only be accessed via one of its proper
operations. The second step was a contribution of several thinkers:
the upgrading of the Parnas module into an abstract data type, from
which many objects could be derived. The abstract data type pro-
vides a uniform way of thinking about and specifying module inter-
faces, and an access discipline that is easy to enforce ([39], Chapter
19).

In fact (and in short), object-orientation = abstract data types + inheritance [84].
What form should the design specification take, given that we want the speci-
fication to be testable and a specification of the underlying abstract data types?

We believe that ML-Contracts and Scenario Tests (see Chapter [2) are good can-

didates for such testable specifications.

Contracts document the complete behaviour of classes using class invariants

and pre and post conditions for each feature in the class. As described in earlier
chapters, the base Eiffel libraries of mutable classes are not adequate for com-
plete specifications. This is where the (immutable) mathematical libraries (ML)

described in Chapter2land Appendix|Clare needed. For example, using the ML-
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Contracts we may model the chat application with: (a) a location model which
is a function ML_MAP [CHAT_USER,CHAT_ROOM] (i.e., given a user, the map returns
the current room of the user); (b) an ownership model which is a map from chat
rooms to chat users. With these mathematical models we can provide complete
contracts for classes such as CHAT_SERVER and features such as enter_room (e.g.,
see Fig.[4.17). This will be explained in detail in the sequel.

Once designs are specified with contracts, we can check that the implemen-
tation of the chat room design satisfies the contracts (i.e., the specification). In
Chapter [1] we called this implementation correctness. The check of implemen-
tation correctness can be done statically via theorem provers or dynamically via
runtime assertion checking.

Implementation correctness checks that the implementation satisfies the de-
sign specification. However, we do not yet know that we have designed the
right product, one that satisfies the goals of the customer. What we must do is
check specification correctness (as described in Chapter[l), i.e., the specification
must satisfy the customer requirements (Fit tables). Our software assurance tool
ESpec does this by reflecting contract violations in the Fit tables (for an example,
see Table [4.2] in the sequel). Such violations may lead us to detect mismatches
between implementation, specifications, and the requirements.

As shown in Fig. .1} we are not proposing a software development method-
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Figure 4.1: Concurrent Design

ology (also see Chapter[). The figure indicates that requirements elicitation, de-
sign, programming and testing may be done concurrently. What we are propos-
ing is a method that allows us to test requirements and specifications no matter
where we are in the design process. Thus, we could start with Fit tables, ML-
Contracts, and then implementation and testing. Or we could start with imple-

mentations and then write the specifications and requirements.
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4.2 Informal Requirement Document

Our customer needs a chat application that allows company employees to com-
municate with each other. The chat application should allow members to post
messages to one or more of the authorized list of people who are currently on-
line.

The entities in the problem domain include many chat users and a server ad-
ministrator of the chat server. Users can join permitted rooms and send messages
to the other users of those rooms. A user who first creates a room is the owner
of the room and has the power to decide who accesses that room. A user who is
forbidden from a room, if currently in that room, must be moved to the “Lobby”.

In summary, the application has the following requirements:

R1: A chatserver has an “administrator” and a room called the “Lobby”.
After starting the server, the administrator should be in the Lobby.
Initially, the administrator is the only user and the Lobby the
only room

R2: A user may connect to the chat server thus landing in the Lobby
or may disconnect from the server

R3: A user may add or remove public or private rooms thus becom-
ing the owner of the room

R4: An owner may permit or reject other users from accessing rooms

R5: A user may enter or exit rooms as allowed by the owner of the
room

R6: After entering an allowed room, a user may read and post mes-
sages in the room

Chat rooms need to be listed by their unique names so that the users can find
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sessions relevant to their interests. Users should not be able to see the listings of
private rooms unless they are permitted to do so. Public rooms should be visible

to everyone.

4.3 A Testable Requirement Document (Fit table)

We (the customer and/or developer) are ready to write an HTML requirements
document with appropriate Fit table formalizations. We start with the first re-

quirement:

4.3.1 The Customer’s First Fit Table

R1: A chat server has an administrator and a room called the Lobby.
After starting the server, the administrator is in the Lobby. Ini-
tially, the administrator is the only user and the Lobby the only
room.

The first Fit table, shown in Table[4.1] is an Action Table. This table has a title
“R1: Chat Server Setup” and starts a chat server after which various properties
relating to R1 are checked.

An Action Fixture is a developer written class (e.g., CHAT_ACTION) that will be
used to glue the implementation (the business logic) to the customer written Fit
table (Tabled.1)). The title in the Fit table (“R1: Chat Server Setup”) will be used

to bind the customer Fit table to the execution of developer written Fixture class
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Start the chat server.

Check that there is one room (the Lobby).

Check that the chat server is up and running.

Check that there is one user (the Administrator).

Set [user] to “Admin” and [room] to “Lobby”.

Check that the owner of the “Lobby” is “Admin”.

R1: Chat Server Setup

start | Chat Server

check | Is server running? True
check | Number of server rooms | 1
check | Number of server users | 1
enter | [user] Admin
enter | [room] Lobby
check | Is [user] connected? True
check | Is [user] in [room]? True
check | [room]'s owner Admin

7

Check that [user] “Admin” is connected and in [room] “Lobby”.

Table 4.1: Chat Action Table for requirement R1

CHAT_ACTION. The title is selected by the customer. We first describe the Action

Table; later in the sequel, we will return to the details of the Action Fixture glue

code.

As described in Chapter [3 there are four keywords that may be used by a
customer in an Action Table: start, check, enter and press. From the Eiffel Fix-
ture code point of view, we may think of “start x” as creating an object attached

to entity x. We may think of “check g v” as checking that query g has value v.
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Finally, the enter/press combination is used to call a routine “r(v1,v2)”, where
v1 and v, are the set by enter and press is used to invoke r.

Consider the check for the property “Is [user] in [room]?” in row 9 of Ac-
tion Table 4.1l We could have used the descriptive string “Is Admin in Lobby?”
for the property. However, that limits this description to the specific property
involving the specific individuals Admin and Lobby. We would prefer to check
for the more generic property that some arbitrary user is in a given room. We
use the keyword enter to associate a value with a parameter of the property (like
an argument of a query). Thus, at row 6, the customer associates the value “Ad-
min” with the parameter “[user]”. The customer could have chosen “some user”
rather than “[user]” in the second column or some other descriptive string. We
use the convention of surrounding the parameter with square brackets so that
it stands out as a parameter of the property, e.g., in the property “Is [user] in
[room]?” at line 9 the parameters are “[user]” and “[room]” entered at lines 6
and 7 respectively.

The keyword press is not used in Table 4.I] but it will be used in the sequel.
This keyword denotes an action (like pressing a button) that effects some change
in the business logic. The keyword press may be used together with enter to
denote a parameterized action, e.g., we may use press together with the param-

eterized action “[user] adds [room]” as in Action Table in Fig. X111 This means
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that user “Bob” adds the room “Technical Support” to the chat application, and
“Bob” is now the owner of the room.

Fit tables make the requirements testable. However, at this point, if we run
the Fit table in the requirements document it will fail. For example, the checks
associated with the value cells in Table 4.1l will display as red indicating that
the requirement is not yet satisfied. As yet there is no implementation code and
so we expect failure. Our goal is now to specity a design that will satisfy the

requirements (i.e., cause each test row in the table to pass).

4.4 Test Driven Design or Design by Contract?

How do we add the new functionality required by Fit tables such as the one pro-
vided in the previous section? We could follow Test Driven Design Development
by writing unit tests for the new functionality, or we could follow a Design by
Contract approach by writing contracts for the features of the chat server. Both
approaches are good ways to specify the Design.

In the next section, we illustrate the use of design specifications following a
Design by Contract approach. In the rest of this section we briefly outline the
Test Driven approach.

The Scenario Test in Fig. 4.2 specifies part of the design needed to satisfy the

Fit table provided in the previous section. The Scenario Test describes a col-
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scenario_test: BOOLEAN is

local
server: CHAT_SERVER
mike, anna: CHAT_USER
mike_room: CHAT_ROOM
users: LIST[CHAT_USER]
rooms: LIST[CHAT_ROOM]

do
—-- create the chat server and check it
create server.make
users := server.users
rooms := Server.rooms
check server.user_count = 1 end
check server.room_count = 1 end
-- create 2 users Mike and Anna and connect them to the server
create mike.make ("Mike")
create anna.make ("Anna")
server.connect (mike)
server.connect (anna)
check server.user_count = 3 and server.room_count = 1 end
check mike.room = server.lobby and anna.room = server.lobby end
check users.has(mike) and users.has(anna) end
—-- Mike creates and adds a room ‘‘Technical Support"
mike_room := mike.create_room ("Technical Support")
mike.add_room (mike_room)
check server.room_count = 2 end
check not mike_room.is_private end
check rooms.has(mike_room) end
-- Mike changes the status of his room to private
mike.set_private ("Technical Support")
check mike_room.is_private end
check not server.is_allowed (anna, "Technical Support") end
-- Mike allows Anna to join the Technical Support room
mike.allow_user ("Anna", "Technical Support")
check server.is_allowed (anna, "Technical Support") end
Result := True

end

Figure 4.2: Scenario Test for a chat server
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laboration between three classes CHAT_SERVER, CHAT_USER, and CHAT_ROOM. It thus

specifies the design shown in the BON diagram in Fig.

o = IR Ry %
el fixtures |

[P S S

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

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

rooms: LINKED UST[..], ...

..
1 test_server

CHAT_SERVER

CHAT_ROOM

ugers: LINKED_LIST[..],...

chat_server

current_room, ...

CHAT_USER

Figure 4.3: Design of the chat application as a BON class diagram

The test specifies specific features in CHAT_SERVER such as:

® users:

® rooms:

LIST[CHAT_USER]

LIST[CHAT_ROOM]

e add_room (a_user:

If all the classes and features in the Scenario Test are added, the project will com-

CHAT_USER)
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pile and the design illustrated in the BON class diagram in Fig. £.3is generated
automatically. The class diagram presents the design so far (classes and feature
signatures, but not yet code in the bodies of the features).

Getting this Scenario Tests to compile (thus producing the design in Fig. 4.3)
and pass (by adding implementation code) is an important step towards getting

the Fit table to succeed (see Section [B.3|for more tests).

R1: Chat Server Setup
start | Chat Server

check | Is server running? True
Number of server

check 1
rooms

check Number of server 1
users

enter | [user] Admin

enter | [room] Lobby

True Expected
check | Is [user] connected?

False Actual
True
Postcondition violated.

CHAT_SERVER get user @10 server_has._it:
check | Is [user] in [room]? <00000000018BC810> Postcondition
violated. Fail

CHAT_SERVER get _user @3
<00000000018BC810> Routine failure. Fail
check | [room]'s owner Admin

Table 4.2: Result of running Table 4.T]shows contract errors.
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R1: Chat Server Setup
start | Chat Server
check | Is server running? True
check | Number of server rooms | 1
check | Number of server users | 1

enter | [user] Admin
enter | [room] Lobby
check | Is [user] connected? True
check | Is [user] in [room]? True
check | [room]'s ownher Admin

Table 4.3: Result of running Table .| after fixing the business logic.

4.4.1 Specification Correctness

Scenario Tests helped us to specify aspects of the design in an automatically
testable format. When these tests run successfully, we obtain a certain amount
of confidence that the implementation satisfies the specification. However, there
is yet no guarantee that the specified design satisfies the requirements as de-
scribed in the Fit tables. We may be designing the product right—yet, we still do
not know if we have the right product!

As we illustrated previously, if we run Action Table d.1] with an incorrect
implementation or design, we get error results of the kind shown in Table 4.2

Two types of errors are shown in Table The first error (row 8 shown in
pink) indicates that the routine to check if a user is connected is not doing what

was expected (the value “True” was expected but the actual value returned by
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the business logic was “False”). As we described in Chapter 3, We call this type
of error a category 1 error. Category 1 errors usually indicate that the design
was not specified correctly. The implemented code was correct in a sense that
it did not trigger any contract violations or Scenario Test errors yet it failed to
satisfy the customer requirements. The design specification (via Scenario Tests
and contracts) is either incomplete or even incorrect.

The second error (row 9 shown in yellow) indicates a postcondition failure in
the business logic (in CHAT_SERVER. get_user). This is an example of a category
2 error. Category 2 errors usually indicate an implementation problem in the
business logic (i.e., the implementation failed to satisfy its contracts).

In a Test Driven approach, additional code is added and further tests devel-
oped (see Sections B.3] and [B.4). This results in an implementation that passes

all the Scenario Tests thus guaranteeing that the Fit table succeeds as shown in

Fig. 4.3

4.5 Writing Complete ML-Contracts

In the previous section we used Scenario Tests to write testable specifications. In
this section we explore the use of contracts for writing testable specifications.
As we mentioned in Chapter 2] the basic contracting facilities of Eiffel lan-

guage does not allow for complete contracts. We illustrate this lack and describe
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class CHAT_SERVER ...
feature {NONE} -- private features

rooms: LIST[CHAT_ROOM]
users: LIST[CHAT_USER]

feature —- public features

lobby: CHAT_ROOM
admin: CHAT_USER

connect (u: USER) is
require
a_user /= Void
-- user u not already connected

do

ensure
-- add u to the existing users in the lobby
end
end

Figure 4.4: Incomplete contract for routine connect

the use of ML-Contracts.

Consider the contract for the routine connect in class CHAT_SERVER in Fig.
This feature allows a user u to connect to the server. A new user is not initially
connected. In the precondition of routine connect we would like to specify that
a new user u is not yet connected, i.e., is not yet in our list of users. In the
postcondition, we would like to specify that the new user u is now added to the
existing users of the Lobby:.
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e CHAT SERVER N CHAT ROOM I\

MODEL make (a_name: STRING; a_user: CHAT _USER)
location_model: ML_MAP[CHAT USER, CHAT_ROOM] require a_name /= Void and a_user /= Void
ensure Result = {i: INTEGER | 0 < i < users.count « users[iJ—users[i].room) ensure owner = a_user and name ~a_name

ownership_model: ML MAP[CHAT ROOM, CHAT USER] oceupant_model = &

ensure Result = {i: INTEGER | 0 < i < rooms.count » rooms[i]J—rooms[i].owner}| |name: STRING

FEATURES occupants: LIST[CHAT USER]
rooms: LIST[CHAT _ROOM] owner: CHAT _USER
users: LIST [CHAT_USER] MODEL
admin: CHAT_USER occupant_model: ML_SET[CHAT_USER]

ensure Result = {i: INTEGER |0 <i<
occupants.count » occupants[i] }

ensure location_model = {admin — lobby}) ﬁ LIST
ownership_model = {lobby — admin} rooms: L] mgmﬂ owner

lobby: CHAT ROOM

make

admin.server = Current

connect (u: CHAT USER) CHAT_USER
require u /= Void
u ¢ location_model.domain and # location_model < Max_users make (a_name: STRING)
ensure location_model = old location_model ™ u > lobby require a_name /= Void
ownership_model = old ownership_model ensure current_room = Void and
chat_server = Void and
has_user ((lziname: STRING): BOOLEAN user_name.is_equal (a_name) and
require . owned_model = old owned model
a_name /= Void and not a_name.is_empty
ensure user_name: STRING
Result 2 (3 u € location_model.domain « (u.user_name ~a_name)) room: CHAT ROOM
has_room (a_name: STRING): BOOLEAN server: CHAT_SERVER
require owned: LIST/CHAT ROOM]
a_name /= Void and not a_name.is_empty MODEL
ensure ) ) owned_model: ML_SET[CHAT ROOM]
Result = (3 r € ownership_model.domain  (r.name ~ a_name)) ensure Result = {i: INTEGER | 0= <
room_count: INTEGER owned.count » owned[i]}
ensure \\ /

Result = # ownership_model
ers: LIST/ ...
user_count: INTEGER users r-
ensure
Result = # location_model

add_room (r: CHAT ROOM; u: CHAT USER) server
require r = Void and u = Void
r ¢ ownership_model.domain
u € location_model.domain and r.owner =u
ensure ownership_model = old ownership_model » r—u
location_model = old location_model

get_user (a_name: STRING): CHAT USER

require a_name /= Void and not a_name.is_empty Symbols legend:
has_user (a_name) 2 equals by definition
ensure ) map
(Result.user name ~a_name) and Result € location_model.domain * yields
— pair
get_room (a_name: STRING): CHAT ROOM = model equality (set, bag, list, map)
require a_name /= Void and not a_name.is_empty = reference equality
has_room (a_name) € is a member of
ensure ~ object equality
(Result.name ~a_name) and Result € ownership_model.domain # size of
Invariant

user_count = #location_model
room_count = #owner_model
1 <user_count < users.count

1 < room_count < rooms.count

\ad\min /= Void and lobby /= Void /

Figure 4.5: System Specifications in BON notation
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How do we specify these contracts? One possibility is to use the private
implementation data structures users and rooms which are linked lists of chat
rooms and chat users (respectively) to write the contracts. This is not ideal be-
cause the implementation is low level and might change. We would like the
specification of the feature to be independent of low level implementation de-
tails. In addition, not all classes are effective. Some classes are deferred (abstract)
and thus there is no available implementation.

So the question is: how do we specify complete contracts without depending

upon implementation detail?

4.5.1 The need for Mathematical Models

In order to fully specify the contracts of feature connect the chat application

must remember:

1. All the users that are already connected (so that a check can be made that

the same user does not connect twice).

2. All the users in the Lobby (so that the list of users of the Lobby can be

updated when the new user is connected).

We may use a mathematical model to describe the above state of affairs. The

location model is a function from CHAT_USER to CHAT_ROOM as shown in Fig.
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Location Model (users to rooms)

O
——1%
A%Q’O

Users Rooms

: Tt

Figure 4.6: Location model—mapping from users to rooms

In the location model each user is associated with a room. The location model
may be described using the mathematical map class ML_MAP as shown in Fig.

In Fig.[4.7] the location model is specified as
location_model: ML_MAP[CHAT_USER,CHAT_ROOM]

The ML-precondition of routine connect is u & location_model.domain which
asserts that the user u is not already connected (i.e., the user is not in the domain

of the map). The ML-postcondition is

location_model =  (old location_model) » (u — lobby) 4.1)

which asserts that after execution of connect, the location_model is extended by
(symbol ») the pair u +— lobby, i.e., the location map in the poststate is the
same as it was in the prestate but with the addition that user u is connected

and in the Lobby. The symbol = is the model equality symbol. Two maps are
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(a) BON mathematical notation

class CHAT_SERVER feature

location_model: ML_MAP[CHAT_USER,CHAT_ROOM]
ownership_model: ML_MAP[CHAT_ROOM,CHAT_USER]

lobby: CHAT_ROOM
admin: CHAT_USER

connect (u: USER) is

require
u # Void AN u ¢ location_model.domain

ensure
location_model = ol1d location_model » u — lobby
ownership_model = old ownership_model

end

end

(b) Eiffel notation
class CHAT_SERVER feature

location_model: ML_MAP[USER,ROOM]
ownership_model: ML_MAP[ROOM,USER]

lobby: CHAT_ROOM
admin: CHAT_USER

connect (u: USER) is
require
a_user /= Void
not location_model.domain.has_key(u)

ensure
location_model |=| old location_model ~ [u, lobby]
ownership_model |=| old ownership_model

end

end

Figure 4.7: Complete contracts for connect via maps

model equal provided they have the same elements in their respective domains
and map the same elements in the domain to the associated elements in their
respective ranges.
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The BON mathematical notation as in (4.1) is often convenient to use. The
equivalent Eiffel notation has been designed so as to be as close to the mathe-
matical notation as possible. As shown in Fig.[d.7|b) the Eiffel equivalent of (4.1])
is

location_model |=| old location_model ~ [u, lobby]

The ML library has mathematical maps, sets, bags and sequences and the
normal operators of set theory and predicate logic have been implemented (see
Chapter ). For example, the postcondition of query has_user in Fig. .10 is

specified as

Result = Ju € location_model .domain e (u.user_name ~ a_name) (4.2)

The symbol “=" denotes equality by definition. The symbol “~” denotes object
equality (as opposed to reference equality which is denoted by “="). In Eiffel,
the effect of ~ is described by the user defined query is_equal. Since the type of
u.user is STRING, the effect of is_equal for STRING (two strings are equal in this
sense if they have the same sequence of characters).

The above postcondition thus asserts that the query holds when there exists
some connected user whose name (as a string) has the same characters as the

query argument a_name.
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An implementor of class CHAT_SERVER may provide any private implemen-
tation code that satisfies the ML-Contracts. For example, the implementor may
use two linked lists (users and rooms) for the implementation. However, all the
contracts are specified in terms of the model. Thus, the implementor must link
the implementation to the model by providing an abstraction function that
maps (or “lifts”) the implementation detail to the model as shown in Fig.

For example for the location model, the abstraction function is

Result = ((i : INT|0 < i < users.count e users|i] — users|i].room)) (4.3)

The angle brackets ((- - -)) is used for map comprehension (similar to set com-
prehension). Thus, (£.3) asserts that the location model is a map consisting of
pairs users|i] — users[i].room where users[i] is the item (i.e., the user) at index i
in the linked list users.

In addition to the location model, we will also need an ownership model
which is a map from rooms to users (owners) as shown in Fig. For example,
when a user adds a new room it is the ownership model that changes while the
location model remains the same (e.g., see routine add_room in Fig.[4.5). The do-
main of the ownership model is the set of all rooms in the chat application. The

contracts (expressed in terms of the model) for the chat application are shown in
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more detail in Fig.

Location Model (users to rooms) Ownership Model (rooms to users)
@ ') o ) Py @
(N 4 o 0—-1 ©
Users Rooms Rooms Users

Figure 4.8: Location model (map-  Figure 4.9: Ownership model (map-
ping from users to rooms) ping from rooms to users)

/ CHAT SERVER \

admin: CHAT_USER;
lobby: CHAT ROOM;

connect (u: CHAT USER)
require u /= Void and u ¢ location_model.domain
ensure location_model = old location_model » u— lobby
ownership_model = old ownership_model

has_user (a_name: STRING): BOOLEAN
require a_name /= Void and not a_name.is_empty
ensure Result 2 3 u € location_model.domain e (u.user_name ~a_name)

MODEL
location_model: ML_MAP[CHAT_USER, CHAT _ROOM]

ensure Result 2 i: INTEGER | 0 <1 < users.count e users[i]—users[i].room})
ownership_model: ML_MAP[CHAT ROOM, CHAT USER]

ensure Result = {i: INTEGER] 0 < i < rooms.count « rooms[i]J—rooms[i].owner)

PRIVATE
rooms: LIST[CHAT ROOM]; users: LIST [CHAT USER]

Invariant

user_count = #location_model and room_count = #owner_model

@min /= Void and lobby /= Void /

Figure 4.10: BON specification of the chat server
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4.6 Contract violations in Fit tables

Section .4 used Scenario Tests to specify the design. Fit tables were able to catch
specification errors (as category 1 errors in which the expected value disagreed
with the actual values) in the design (category 1 errors may also reflect imple-
mentation errors). Section used ML-Contracts to specify the design. The
advantage of ML-Contracts (as opposed to Scenario Tests for a particular execu-
tion) is that they specify the complete behaviour of modules (classes). In ESpec,
such contract violations are reflected back into the Fit tables (these are category
2 errors). This is useful because a contract error in the Fit table indicates that the
specification of the design is correct, but the implementation does not satisfy the
specified design solution. The contract violation in the Fit table provides precise
details as to which feature fails which makes it easier to fix the problem.

We illustrate the use of contract violations in Fit tables with some new Fit
tables in our requirement document as shown in Fig. and Fig. These
tables convert requirements R2, R3, and R4 into a mechanically testable format.

We use an Action Table to specify a sequence of actions such as adding users,
rooms and permissions. We then use a Row Table to query and check that the
underlying database of users, rooms and permissions are as expected.

Row Tables allow for powerful descriptions that collections of elements (e.g.,
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Action Table:

e Start a chat server, create three chat users (“Anna”, “Bob”
and “Tod”) and connect them to the server.

e User “Bob” creates a chat room called “Technical Support”
and adds it to the chat server.

e “Bob” changes the room status from public to private.

e “Bob” permits user “Anna” to join the room.

R2, R3 and R4: Scenario

start | Chat Server

enter | [user] Anna
press | Connect [user]

enter | [user] Bob
press | Connect [user]

enter | [user] Tod
press | Connect [user]

enter | [user] Bob

enter | [room]

Technical Support

press | [user] adds [room]

press | [user] makes [room] private

enter | [user list] Anna
press | [user] allows [user list] in [room]

check | Total number of users 4
check | Total number of rooms 2

Row Table:

The following Row table checks the status of the database of users

and rooms.

R2, R3 and R4: Scenario Query

Room name Owner | Occupants Is public? | Permitted list
Lobby Admin | Admin,Anna,Bob,Tod | True Admin
Technical Support | Bob Empty False Bob,Anna

Figure 4.11: Testing requirements R2—R4
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e User “Anna” enters room “Technical Support”

R2, R3 and R4. Scenario
enter | [user] Anna

enter | [room] Technical Support
press | move [user] to [room]

e Checking the status of chat server using a Row Fixture

R2, R3 and R4: Scenario Query

Room name Owner | Occupants Is public? | Permitted list
Lobby Admin | Admin,Bob,Tod | True Admin
Technical Support | Bob Anna False Bob,Anna

Figure 4.12: Moving a user from one room to another

in lists, sets, bags and maps) are present as expected. For example, suppose only
“Bob” and “Anna” have been allowed to access the room “Technical Support”.
A single row in a Row Table can check that these users alone are in the permitted
list by simple enumeration.

Fig.l.1Tlhas an Action Table and a Row Table. The Action Table starts a chat
server, creates three chat users (“Anna”, “Bob”, and “Tod”) and connects them to
the server (“Connect [user]” at rows 4, 6, and 8). Then, “Bob” creates a chat room
called “Technical Support” and adds it to the chat server (“[user] adds [room]” at
row 11). Next, “Bob” changes the room status to private (“[user] makes [room]
private” at row 12) and permits “Anna” to join the room (“[user] allows [user
list] in [room]” at row 14). At this point, we expect that there must be two rooms
and four users (including the administrator) in the chat server. This is checked

by “Total number of users” at line 14 and “Total number of rooms” at row 16.
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Consider the Row Table in Fig. .11l The customer specifies the header of the
first column in the table as “Room name”. This means that the customer will be
querying a collection of entities of type room considered as phenomena in the
problem space.

Each row in the Row Table describes the properties of a room in the collec-
tion. In the Row Table of Fig. the first row deals with room “Lobby” and
the second row deals with room “Technical Support”. These are the only two
rows because the customer has not created any other rooms. Suppose there are
other rooms but they are not expected in the table. Then execution of the Row
Table would yield an error stating that there are surplus rooms in the business
logic that were not expected in the requirements. Thus, Row tables can represent
exhaustive descriptions of the collection.

The other column headings of the Row Table in Fig. describe properties
that each room must satisfy. The second column, for example, specifies who
is the owner of the room, the third column describes who are the occupants of
the room, the fourth column asserts whether the room is public (anybody may
enter), and the last column checks the permitted list. If the room is public then
the permitted list contains only the owner of the room.

It is of course up to the developer to connect the Row Table to the business

logic via a Row Fixture (CHAT_ROW). The Fixture code associated with the Row
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Table (&.11)) is shown in Section [B.2

Row and Action Tables in Fig.d.1T]are connected to each other. This is achiev-
able via using a construct called connect_row_to_action. This allows a Row Fix-
ture to access objects that are initialized in an Action Fixture. For example, in the
CHAT_ROW Fixture, we would like to access the list of rooms and list of users of the
server object which was initially created by the CHAT_ACTION Fixture.

The connection is made in the root class which inherits from ES_SUITE. The
root class is shown in listing The root class inherits from ES_SUITE. In the
root class we create the Scenario Tests and the Fixture objects. We also connect
the Fit tables to the corresponding Fixture objects. For example, we've bound
the name of the tables “R2, R3 and R4: Scenario” and “R2, R3 and R4: Sce-
nario Query” to the corresponding classes CHAT_ACTION and CHAT_ROW via the
add_Fixture construct (lines 11-13 of Fig. £.13). The connection between the
Row Fixture and the Action Fixture is made at line 16.

Tables in Fig.l.T12]are continuation of the requirement document described in
Fig. Since the tables have the same title they refer to the same chat server
initialized and acted upon in Fig.4.11] Subsequent to the actions of Fig.[4.11] our
customer uses the Action Table in Fig. to specify that user “Anna” moves
from the “Lobby” to “Technical Support”. As shown in the Row Table, our cus-

tomer expects that user “Anna” is transferred from the “Lobby” to “Technical
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1 class ROOT_CLASS inherit
2 ES_SUITE
3 create
4 make
5
6 feature —- Create
7
8 make is
9 do
10 -- Binding Fixture to the corresponding tables in the HTML document
11 add fixture("R1: Chat Server Setup", create {CHAT_ACTION}.make)
12 add_fixture("R2, R3 and R4: Scenario", create {CHAT_ACTION}.make)
13 add fixture("R2, R3 and R4: Scenario Query", create {CHAT_ROW}.make)
14
15 —-- Connecting Row to Action Tables
16 connect_row_to_action("R2, R3 and R4: Scenario", "R2, R3 and R4:
Scenario Query")
17
18 -- Including Scenario Tests
19 add_test (create {CHAT_TEST1}.make)
20
21 -- Show Contract Violations
22 show _errors
23
24 -- Execute ESpec
25 run_espec
26 end
27
28 end -- class ROOT_CLASS
Figure 4.13: The root class for testing our system
Support”.

Do the Fit tests pass given the design developed in previous section? If we

execute the Fit requirement tests described in Fig. £.11] and Fig. we obtain

the results shown in Fig. and Fig.

Both tables in Fig. 4.14 succeed whereas the Row Table in Fig fails with

a category 1 error indicating that “Anna” is in two locations at the same time
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R2, R3 and R4.: Scenario

start | Chat Server

enter | [user] Anna
press | Connect [user]

enter | [user] Bob
press | Connect [user]

enter | [user] Tod
press | Connect [user]

enter | [user] Bob

enter | [room]

Technical Support

press | [user] adds [room]

press | [user] makes [room] private

enter | [user list] Anna

press | [user] allows [user list] in [room]

check | Total number of users 4

check | Total number of rooms 2
R2, R3 and R4: Scenario Query
Room name Owner | Occupants Is public? | Permitted list
Lobby Admin | Admin,Anna,Bob,Tod | True Admin
Technical Support | Bob Empty False Bob,Anna

Figure 4.14: Success: Result of executing tables in Fig. d.11]
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(in the “Lobby” and “Technical Support”). According to the Row Table, after
moving from one room to another, the customer’s expectation is that “Anna” is
solely in “Technical Support” and not in the “Lobby” anymore.

An investigation of the code shows an implementation error in the body of
routine CHAT_SERVER. enter_room (see Section [B.7/for CHAT_SERVER. code). The de-
veloper simply forgot to remove the user from the original room while adding
this user to the new room thus causing the user to be in two locations at the
same time. This category 1 error in the Fit table is an indication of an incomplete

specification as the error should have been caught by a contract violation (i.e., a




R2, R3 and R4.: Scenario
enter | [user] Anna

enter | [room] Technical Support
press | move [user] to [room]

R2, R3 and R4.: Scenario Query

Room name Owner | Occupants Is Permitted
public? list
Lobby Admin | Admin,Bob,Tod True Admin

[Admin, Anna, Bob, Tod]

Technical Bob Anna False Bob,Anna
Support

Figure 4.15: Failure: Result of executing tables in Fig4.12]

category 2 error).
The fix for this problem is to convert a category 1 error into a category 2
contract error. Consider the specification of routine enter_room in Fig. The

postcondition is:

location_model =  (old location_model) & (u — get_room(r))
where @ is the symbol for map override. The postcondition asserts that the lo-
cation model in the poststate is the same as in the prestate except that the room
associated with user u is now changed to get_room(r) where query get_room re-
turns the chat room object associated with string r (this is a search routine). The

ownership model is left unchanged by the routine enter_room.
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class CHAT_SERVER

enter_room (u: CHAT_USER; r: STRING) is
—-- Move user ‘u’ into room with string name
require
(u # Void) A (r # Void) N\ —(r.is_empty)
u € location_model.domain N\ has_room(r)
ensure
user_entered: location_model = (old location_model & (u — get_room(r))
ownerships_not_changed: ownership_model = old ownership_model
end

Cy?

get_room (r: STRING): CHAT_ROOM is
-— returns a room with name ’r’
require
(r # Void) N\ —(r.is_empty)
has_room (r)
ensure
(3 room € ownership_model.domain | room.name ~ Result.name)
end

location_model: ML_MAP [CHAT_USER, CHAT_ROOM]
ownership_model: ML_MAP [CHAT_ROOM, CHAT_USER]

invariant
disjoint_users:
(¥ 11,1y € own_model.domain | ri # ry e ri.occupant_model N ry.occupant_model = @)
coverage: (Ur € own_model.domain e r.occupant_model) == location_model.domain
end

Figure 4.16: BON specification of the invariant for the CHAT_SERVER

The postcondition is correct but incomplete (as the error was category 1 and
not category 2). As shown in Fig. 1.5 class CHAT_ROOM has an occupant model
(ML_SET [CHAT_USER]) that keeps track of the occupants of each room. There is no
assertion that ensures that the models of CHAT_SERVER and CHAT_ROOM are consis-

tent with each other. The consistency assertions are best written as invariants in
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1 class CHAT_SERVER

2 e

3 location_model: ML_MAP [USER, ROOM]

4 ownership_model: ML_MAP [ROOM, USER]

5

6 forall_rooms (rl: CHAT_ROOM): BOOLEAN is

7 do

8 Result := ownership_model.domain.for_all

9 (agent empty_intersection (ri, 7))

10 end

11

12 empty_intersection (rl, r2: CHAT_ROOM): BOOLEAN is

13 do

14 if r1 /= r2 then

15 Result := (rl.occupant_model * r2.occupant_model).is_empty
16 else

17 Result := true

18 end

19 end

20

21 multi_union (s: ML_SET[CHAT_ROOM]): ML_SET[CHAT_USER] is
22 local

23 seq: ML_SEQ[CHAT_ROOM]

24 do

25 seq := s.to_seq

26 if seq.count = 1 then

27 Result := seq.head.occupant_model.to_set

28 else

29 Result := (multi_union (seq.tail.to_set) [++

30 (seq.head.occupant_model)) .to_set
31 end

32 end

33

34 invariant

35 pairwise_disjoint:

36 ownership_model.domain.for_all (agent forall_rooms (7))
37 coverage:

38 multi_union (ownership_model.domain) |=| location_model.domain

Figure 4.17: Implementing the invariant using ML

class CHAT_SERVER as shown in Fig.

The invariant disjoint_users asserts that any two rooms are pairwise dis-
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joint, i.e., a user may be in at most one room at a time. The second invariant
coverage asserts that the domain of the location model (i.e., all chat users) con-
sists of the union of the occupant model sets, i.e., all users specified in the loca-

tion model must be occupants of some room.

R2, R3 and R4.: Scenario

enter | [user] Anna

enter | [room] Technical Support
press | move [user] to [room] | C/ass invariant violated.

CHAT_SERVER enter_room @7 pairwise_disjoint:
Class invariant violated. Fail

CHAT_SERVER enter_room @11
Routine failure. Fail

Table 4.4: Specification violations are reflected to the Fit table

Fig. shows how the invariants are written using the ML-Contracts. The
invariant disjoint_users is captured by enumerating through the list of all rooms
collecting, pairwise, intersections of the room occupants and then checking that
the resulting set is empty. Queries forall rooms and empty_intersection are
agent routines that are used for this purpose (see lines 6-19 in Fig. B.17). The
“x” infix operator is used for the intersection of two sets. The coverage property
is implemented using the multi_union recursive agent. This agent collects the
union of all users in all rooms using the occupant_model of each room and then

returns a set composed of all those users. The “|++” infix operator is used for the

union of two sets.
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The Fit table now reports an invariant error in class CHAT_SERVER (i.e., a cate-
gory 2 error) thus indicating an implementation problem in routine enter_room

in class CHAT_SERVER. This contract error is reported in Table 4.4l

4.7 Security issues

Naturally, security is one of the most important aspects that we have to keep in
mind when developing a chat application. We can think of security at any level
of abstraction. Customers can assert the security rules that are important to them
in the Fit tables at the level of the problem domain. In the solution space, the
developers can write ML-Contracts or Scenario Tests for checking the security
rules. Violation test cases can be written for checking that contracts correctly
capture those rules. The following is an example of a security rule:

Security Rule: a chat user not in the permitted list of a private room
should not be allowed to enter the room.

In terms of the actual design, we use the Eiffel export declaration construct to
impose the security constraint. In the BON diagram Fig.[4.3] the feature users in
class CHAT_SERVER is not exported to a CHAT_USER. Whatever our design, we need
to test that the requirement has been satisfied.

In order to assert the above security rule, our customer creates a series of Fit

tables. This is shown in Figures [4£.5-4.7]

132



e Connect 4 users to the server followed by adding 2 rooms

Chat Security

start Chat Server

enter [user list] Anna,Bob,Jackie,Tod
press Connect [user list]

enter [user] Anna

enter [room] Gold service

press [user] adds [room]

enter [user] Bob

enter [room] Silver service

press [user] adds [room]

e Check rooms contents

Chat Security Query

Room name | Owner | Allowed list | Is private? | Occupants

Gold service | Anna | N/A False empty

Silver service | Bob N/A False empty

Lobby Admin | N/A False Admin,Anna,Bob,Jackie, Tod

Table 4.5: Setting up the server, users and rooms

e

e “Anna”, “Jackie” and “Tod” move to room “Gold service”

Chat Security

enter [user] Anna

enter [room] Gold service
press [user] enters [room]

enter [user] Jackie
press [user] enters [room]

enter [user] Tod

press [user] enters [room]

e Checking rooms contents after the move

Chat Security Query

Room name | Owner | Allowed list | Is private? | Occupants

Gold service | Anna | N/A False Anna,Jackie,Tod
Silver service | Bob N/A False empty

Lobby Admin | N/A False Admin,Bob

Table 4.6: Moving users
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e “Anna” changes the status of her room (“Gold service”) to private and
allows “Tod” and “Bob” to access the room

Chat Security

enter [user] Anna

enter [room] Gold service
enter [user list] Tod,Bob
press [user] allows [user list] to access [room]

press [user] sets [room] to private

check Is [room] private? True

e Checking rooms contents

Chat Security Query

Room name | Owner | Allowed list Is private? | Occupants

Gold service | Anna | Anna,Tod,Bob | True Anna,Tod

Silver service | Bob N/A False empty

Lobby Admin | N/A False Admin,Bob,Jackie

Table 4.7: Changing room status to private allowing users to access

The first table in Fig.[4.5|starts a chat server and connects four users (“Anna”,
“Bob”, “Jackie” and “Tod”) to the server. Users “Anna” and “Bob” add two
rooms to the server (“Gold service” and “Silver service” respectively). The fol-
lowing Row Table checks the rooms of the server by examining various proper-
ties about the rooms. If the rooms are public then anybody may join and thus
the allowed list constraint is marked as “N/A” (not applicable).

In the first table of Fig.[.6] we move three users (“Anna”, “Jackie” and “Tod”)
to the “Gold service” room. Since “Gold service” is a public room at this point,
we expect that all three users enter it without any problems. This is tested in the
next table of Fig. 4.6l which checks the contents of each room to make sure that

the three users have successfully moved to the “Gold service” room.
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In Fig. 4.7] “Anna” adds two users (“Bob” and “Tod”) to the allowed list of
people who can enter her room. This is followed by changing the room status
to private. The second table of Fig. 4.7] explicitly checks that the above actions
are done correctly, i.e., allowed list has been updated and the room has become
private.

The concrete example described in the above tables, can be used by the de-
veloper in order to come up with the right specification for the code. We can
focus on the development of the set_private feature. This feature will be called
by a user and its job is to set room’s status to private. According to the Fit ta-
ble, calling this method not only should change the room’s status (from public
to private) but also should force all un-authorized users out of the room to the

lobby. The design is shown in Figures and

set_private (u: CHAT_USER; room: STRING) is
-— sets the room to private
require
u # void A room # void A —room.is_empty
has_room(room)
has_user(u.user_name)
get_room(room).owner = u
ensure
get_room(name).is_private
V (u — r) € old location_model o
(is_allowed (u,r.name) — (u — r) € location_model) A
—is_allowed(u, r.name) — (1 +— lobby) € location_model)
ownership_model = old owership_model

Figure 4.18: CHAT_SERVER. set_private
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occupant_model: ML_SET [CHAT_USER]

set_private is
-- set room to be of type private
require
—is_private
ensure
is_private

invariant
no_unauthorized_users: YV u € occupant_model o is_allowed(u)

Figure 4.19: CHAT_ROOM. set_private

The specification for set_private is as follows: (a) the room status must
change to private, (b) all users who are not allowed, should be moved to the
lobby room and all users who are allowed, remain in their original rooms and
(c) ownership model remains unchanged.

As we mentioned in Chapter [2] it is not easy to describe assertions such as
(b) using basic FEiffel contracting mechanism. However, these assertions can be
easily described in the terms of our models. The invariant of CHAT_ROOM class (see

Fig.[L.19) asserts that all users in a room must be authorized.

4.8 Conclusions

In this chapter, we showed snippets of the development process of a chat appli-
cation using our method.

Complete code, contracts and tests for this example are provided in Ap-
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pendix Bl We used the ESpec tool in order to capture the customer’s informal
requirements in the form of testable Fit tables and then we used these tables to
drive the design. During the design phase we used ML-Contracts and Scenario
Tests to write and test the design specifications for the various modules.

The ESpec tool tests the requirements (Fit tables) and specifications (ML-
Contracts and Scenario Tests) under the control of a single green bar as shown in
Fig. If all the tests pass, then we have checked the design and validated that
the design satisfies the customer requirements.

The chat room example thus illustrates our method of early testable require-
ments and specifications which shows that our approach and tool is an inte-
grated wide-spectrum (i.e., deals both with customer requirements and design

specifications) method.
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Show zelected test cases | Freecze

Table 4.8: Snapshot of ESpec after running all the tests
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5 Design of the ESpec Tool

In previous chapters we illustrated our method of Testable Specifications and
Requirements using Eiffel and ESpec. This chapter describes the design and
implementation of the ESpec tool itself. In the following sections we’ll describe
the challenges that we faced in developing various components of our tool and
our design decisions.

ESpec has two major components as shown in the UML deployment diagram

in Fig. 5.1t

1. ESpec Library: which contains the core components of the tool. This li-
brary must be included as part of the system under test. It provides enough
facilities for the developers to use ESpec at the command line or Eiffel Stu-

dio’s integrated development environment.

2. ESpec GUI: which is the graphical user interface component of the tool.
The ESpec GUI communicates with the ESpec library over a socket con-

nection making it completely independent of the business logic and the
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Software Developer working on an IDE
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ESpec Lib | Logic :
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|
|
[ |
— EsFit [ i !
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'4  Fixture |
ES-Verify Code | _.

Figure 5.1: Deployment diagram of the components of the ESpec tool

system under test. The GUI helps the developers work at a faster pace and
provides a familiar way for the customers to develop and test the software

product.

Consider software developers who would like to test their business logic.
The tests (e.g. Fit and Scenario tests) will exercise the business logic and report
results back to the ESpec GUI. Test results should be reported in real-time to the
GUI as they execute. How will the tests and the GUI communicate with each
other. Our solution is as follows. The developer imports the ESpec libraries

which communicate with the GUI via sockets. The tests may also be run from
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the command line in which case the sockets are not used.

The library is divided into four main subcomponents: (1) ES-Fit, (2) ES-Test,
(3) ES-Verify, and (4) ML—Mathematical Library. These components are con-
nected to each other using a shared interface which we call ES_SUITE. ES_SUITE
allows the developers to access any of the above tools individually or in combi-
nation with other tools. But before discussing the design of ES_SUITE, we need to
understand each of the above components. The next section is devoted to ES-Fit

tool and the challenges associated with implementing it in Eiffel language.

5.1 ES-Fit Architecture

Classes associated with ES-Fit are located in the ES-FIT subcluster in the ESPEC
library. ES-Fit goes through five main steps to read and execute the Fit tables.
These essential steps are shown in Fig. (1) Parsing the input HTML file; (2)
Running the Fixture code associated with each table; (3) Converting the type of
strings read from the tables to the appropriate types; (4) Executing the Fixture
code and compare the results to the expected values from the tables; (5) Report-
ing the results back to the HTML document. In the following sections, we will

describe various ES-Fit modules that handle each step.
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(1) Parse HTML (2) Run Fixture code (3) Convert Type

@) Write the output HTM% (4) Compare results

Figure 5.2: Activity diagram of Fit processing steps

5.1.1 HTML parser

The parser handles any HTML document. The advantage of representing our
requirement description documents as HTML is that it allows customers to use
their standard document preparation tools (e.g., Word, Open Office, Excel) be-
cause all these tools generate HTML.

ES-Fit reads the input HTML document and then parses it into tokens. The
parser builds an internal model of the HTML document preserving all of the
content while exposing the Fit table data to further processing.

The visible text within a cell of each table is extracted and treated as a string,
free of formatting. Markup tags, character escapes, and leading and trailing
spaces are all removed. The parsed tables can be modified in memory and a
revised document can be written with feedback for the user. The revised doc-
ument is an extended version of the input document which includes cell back-

ground colors, cell contents, additional rows or additional columns. The parser
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looks for one tag at a time. A matching pair, including both start and end, e.g.,
< table > and < /table >, are stored in a single parse node. This same node
stores the text before, between and after the tags. These are called the leader, body
and trailer, respectively, and are of type STRING.

Should the trailer contain another tag then it is parsed and the result stored
in attribute more. Likewise, if the body contains additional tags then these are
parsed and the result stored in attribute parts. The result is a parse tree which
happens to be a binary tree where parts is the left subtree and more is the right
subtree. A depth-first traversal visits each cell in the natural reading order of top
down, left to right.

In ES-Fit, the parsing is done in class ES_HTML_PARSER. This class follows the
Fit specification, therefore any HTML document that follows the Fit standard is
supported by the parser. A sequence of tables in a file and the subcomponents of
those tables are represented by objects of class ES_HTML_PARSER. As an example,

the parse structure of Table[5.1lis illustrated in Fig.

Table A
Col 1 Col 2
Value 1 | Value 2

Table 5.1: Sample Fit table

In Fig. 5.3lwe show instances (objects) of class ES_HTML_PARSER that represent
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ES_HTML_PARSER

table ‘ ‘pargs ‘more
£
\ ES_HTML_PARSER / ES_HTML_PARSER
tr ‘ ‘ parts | more td {TabIeA ‘ parts ‘ more
P — N
ES_HTML_PARSER | ES_HTML_PARSER ES_HTML_PARSER
tr ‘ ‘ parts_mre td ‘ Col1 ‘ parts ‘ more td ‘ Col 2 ‘ parts ‘ more
N
ES_HTML_PARSER > | ES_HTML_PARSER ES_HTML_PARSER
tr ‘ ‘ parts_T—m/ore td ‘ Value 1 ‘ parts ‘ more td ‘Value 2 ‘ parts ‘ more

Figure 5.3: Parse structure for table5.]]

the indicated Fit table. Each object is shown with four fields: type, body, parts and
more. The figure shows the values of each of these fields in each object.

The field type in each object takes one of three possible values: table, tr (rep-
resenting a table row) or td (represent a table cell), corresponding to the HTML
tags. The body contains the string representation of the text inside the cell (when
object is of type td).

The top ES_HTML_PARSE object represents the whole table, parts refer to a se-
quence of tr ES_HTML_PARSE objects that represent the rows of the table; more refers
to the next table, if any. Each tr (row) object in turn refers to a sequence of td
(column) objects. The sequence of components is formed by following the more

values. Fig. 5.4 shows the list of available features in the ES_HTML_PARSE class.
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ES_HTML_PARSER

<< Accesss>
+to_text: STRING 8
+at (i INTEGER_321: ES_HTML _PARSER

+at_i_j (i, ] INTEGER 327 ES_HTML _PARSER
£t KK INTEGER 32T ES_HTML PARSER
+ get_himl_table_names: LINKED LTST ESTRING_B]

+ get_header_names: LINKED LIST [STRING 8]

+ get_table_arguments: LINKED _LIST [STRING 8]

+ get_title_celll ES_HTML_FPARESER

+ get_position_table (class_name: STRING_8): INTEGER_32

+ get_position_table starting_with (class_name: STRING 8): INTEGER_32

+ get_next_row LINKED LIST [ES_HTMC PARSER

+ get_third_row: LINKED_LIST [ES HTWML PARSER

+ get_header_row: LINKED _LIST [ES_HTHL _PARSER

+ get_table_al position (class_name pos: INTEGER_ 323 LINKED _LIST [LINKED _LIST [STRING 8]

- << Transformation>>

+escape (50 STRING _8): STRING &

+ html_to_text {src; STRING B): STRING 8

+ remowe front_end_space g: TRING_&T. STRING 8
+remove_useless tags (s: STRING 8) STRING 8

+ remove_speciﬂea_tagr s, 1. STRING B): STRING &
+ remove_mare (src: STRING_8): STRING_3

+ unescape (src; STRING B) 5TRING B

+ unescape_smart_guotes (sro: STRING 8): STRING 8
+ unescape_entites?src: STRING 8): STRING B

+ condense_white_space (src; STRING 8): STRING B

w2 0=
+ carry: 3TRING 32
+ out_result; STRING 32

-<< cell transformation>>
+ label (s: STRING_8): STRING_5
+is_white: BOOLEA

+16 << Implementation=>

-<< Initialization>>
#make (text: STRING_8; itags: ARRAY [STRING_B]; level, offset: INTEGER 32, 5 ES FIT COMPUTATION)
#build_cell (tagl, body1: STRIMNG_8; parts1, morel; ES_HTML_PARSER; 57 ES_FIT_COMPUTATION)

-<< Access>>
+find_table (pos: INTEGER_32)
+ add_book_mark_to_last_fable (pos: INTEGER_32)

- << Transformation>>
+add_to_tag (itext: STRING )
+ add_to_body (itext: STRING_8)

- V0=
+ print_out

+set_carry (50 STRIMNG_32)

- << modifications>>
+ set_current_row (cr: ES_HTML_PARZER)

-<< cell transformation=>»

+ green_increase_correct

+ make_red

+red_increase wrong_set actual (actual: STRING_8)
+ red_increase_wrong (s STRING &

+ red_increase_exception (50 STRING 8

+ yellow_increase_exception (s STRING_8)
+ make_gray

+ gray_increase_ignore (s: STRING 8)

+ Ignare_table (5: STRING_8)

+ zat_mare (p: ES_HTML_PARSER)

Figure 5.4: Features available in ES_HTML_PARSE

145




5.1.2 Dealing with the Fixture code

As we discussed in earlier chapters, The Fit framework provides three standard
types of Fixtures: Column Fixture, Action Fixture, and Row Fixture. In addition,
Fit allows the developers to implement new types of Fixtures.

In ES-Fit, various types of Fixtures (i.e., ES_.COLUMN_FIXTURE, ES_ACTION_FIXTURE,
and ES_ROW_FIXTURE) are implemented by inheriting from ES_FIXTURE_UNIT class
(see BON diagram in Fig. B.5). This class contains all the core features to im-
plement and run various types of Fixtures. Each ES_FIXTURE_UNIT object corre-
spond to a table in the HTML input file. ES_FIXTURE_UNIT contains a mapping
which binds the string names of the operations defined in the HTML table, to the
ES_FIXTURE_CASE objects. This mapping can be accessed through the bindings
teature of ES_FIXTURE_UNIT.

ES_FIXTURE_CASE objects represent a basic unit of computation that can be per-
formed by ES-Fit and refer to a cell in the HTML table that has a current (origi-
nal) value and the future (computed) value. Each ES_FIXTURE_CASE object could
be attached to a cell of the current HTML table.

This is done through the set_fixture_table_cell feature. Therefore, if the
computation is a function (returns a value) the result of that can be directly re-

flected back the corresponding cell (e.g., by changing the color of the cell).
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As shown in Fig. 5.5] there are two kinds of Fixture cases: one that returns
a value, i.e., ES_FIXTURE_CASE_FUNCTION, and one that does not return a value
(ES_FIXTURE_CASE_PROCEDURE). The original string value of a particular cell can
be accessed using the fixture_case_table_value feature. The mapping between
an ES_FIXTURE_CASE object and table name is done manually by the developer in

the Fixture code using the bind feature.

1 onnected_to

ES_FIXTURE_UNIT " Bindings: HASH_TABLE [..., SIRNG_E]

=
i
* ES_ROW FIXTURE
ES_ACTION_ T
FIXTURE

ES_FIXTURE_
Figure 5.5: ES-Fit Fixture architecture

=
ES_FIXTURE.

CASE PROCEDURE CASE_FUMNCTION

5.1.3 Flexible Fixture redefinition

In order to have an object-oriented and flexible way to define Fixtures, we de-
cided to make the ES_FIXTURE_UNIT a deferred class (see Fig. 5.5). This allows

the developers to implement various Fixture types by simply inheriting from
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E&_FIXTURE_UNIT

- << table and row pm[:esm% >

+get reference_cell (ref_table: STRING 8; row, col: INTEGER _32): STRING &
ﬁet referance table_name: STRING # keywords ARRAY [STRING_8]) STRING_8
as_reference_table (ref_table STRING. 8] BOOLEAN

+3 << Row processing>>

+11 << Implementation>>

-<< Binding>>
+hind (hame: STRING_8; mathod: ROUTINE [ANY, TUPLE])

_<< table and row processing>>
+ pre_process_row

+ process_row

+ post_process_row

+ post_process_table

+ pre_process_fable

+ sat_current_row (cr: LINKED_LIST [ES_HTML_PARSER
+ set_headertow (hr: LINKED LIST [ES HTML_PARSER
+ set]| Earﬁed html'(parsed_htfal: ES_ HTML PARSER)

+ set_headings (head: LINKED_LISTTSTRING Fl

+ set_table_arguments (args: LINKED_LIST [STRING_8])
-<< Row prﬂceﬁmgT

+connect (to: ES_FIXTURE_UNIT)

+ connect_to_target (cell, headmg STRING )

ES_ACTION_FIXTURE

+1 << Row processing>>

- << Constants>>
+enter_command; STRING 3

+ press_command; STRING 8
+check_command, STRING 8
+start_command: STRING &

+ unkriown_key_tag: STRING 8

+ unknawm_ fe Iag STR\NB ¥

+6 << Implementation>>

- << Row processing>>
+ [ire_process_row

+ Process_row

+ post_process_row

+ pre_process_fable

+ post_process_table

- << Initializing Implementation Under Test>>
+ stant (argument: STRING_A)

+execute_cell (tag: STRING_B)

ES_ROW_FIXTURE

E& COLUMM_FiXTURE

+1 << Row processing>>
-<< Search algunthm»
+find (pos: INTEGER_32, query_list: LINKED_LIST [G]; LINKED_LIST (3]
- << cell and row builders>>
+ buildrows (input: LINKED_LIST [LINKED, LISTéSTRING BF!,& ES HTML_PARSER
+ buildeells {input: LINKED”LIST [STRING_S
+ query [selection” STRING. 8): LINKED_LTST [G]
+4 << Implementation>>

<< row processing>>
et Trot rove: LINKED, LIST [ES_HTML PARSER]

+2 << Implementation>>

-<< Row processing>>

+ pre_process_table

+ pre_process_row

+ process_row

+ post_process_row

+ post_process_table

-<< Search al? rithm>:

+ match {temp list L\NKED LIST H_C-}é column_number. INTEGER_32
+ match aﬂeriemp list L\NKED 15T [G]; column_number: INTEGER_32)
+ double_match (to_match:

-<< Report results=>

+ print_surplus

+ print_missing

- << row processing>»
+ pra_process_row

+ Process_row

+ post_process_row

+ pre_process_table

+ post_process_table

Figure 5.6: Available features of ES_FIXTURE_UNIT

the ES_FIXTURE_UNIT class and effecting its deferred features. This architecture

abstracts away unnecessary loop structures from the Fixture code. The benefit

is that the developers do not have to worry about the implementation details

of running a Fixture table. This is because the underlying ES-Fit engine reads

and processes one row at a time. Fit programmers need only to figure out how

they would like ES-Fit to process one row at a time instead of thinking about the

whole table.

The developer may decide to inherit from any of the standard fixtures or
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start writing the code from scratch. If we inherit from a standard Fixture, we
can change the default behavior of that Fixture by redefining the following key
methods related to table processing. A list of the available features is shown in
Fig. The complete source code is available at the ESpec website. Each Fit

table is processed as follows:

e pre_process_table: actions to be performed before executing the current

table.

e pre_process_row: actions to be performed before executing the current row

of the current table.

e process_row: actions to be performed while executing the current row of

the current table.

e post_process_row: actions to be performed after the execution of the cur-

rent row of the current table.

e post_process_table: actions to be performed after the execution of the cur-

rent table.

Fig. 5.7lillustrates how ES_FIXTURE_UNIT processes the tables. In the follow-
ing sections we describe how various kinds of default Fixtures are implemented

using this architecture.
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ﬁ

Figure 5.7: How ES-Fit processes the tables

5.1.4 Implementing standard Fixtures

Column Fixture: The Column Fixture is processed row by row. The concept is
that each column corresponds to a separate call to the Fixture, either to store a
table value for later use, or to provide a calculated result using the previously
stored values.

The class ES_COLUMN_FIXTURE, provides facilities for the developers to de-
tine a Column Fixture. In order to develop ES_COLUMN_FIXTURE, we inherit from
ES_FIXTURE_UNIT and redefine the above key features to generate the column Fix-
ture behavior (see Fig. 5.6). For example, before processing a row of the table,
we must process the header information of the table to generate ES_FIXTURE_CASE
objects. This is done by redefining the pre_process_row feature. The Fixture code

for the ES_COLUMN_FIXTURE is located at the ESpec website.
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Action Fixture: The Action Fixture is used to run a sequence of actions on
the underlying application. As in all Fixtures, the first row contains one cell that
specifies the name of the Fixture. The rest of the table consists of rows which
each have three columns. The first column contains one of four operations and
the second and third columns contain actions and data for the operation.

For most of the operations, the second column contains the name of a field,
method or property, and the third field contains data to be set or checked.

In order to develop ES_ACTION_FIXTURE, we inherit from ES_FIXTURE_UNIT
and redefine the above key features to generate the action Fixture behavior (see
Fig. 5.6). The Fixture code for the ES_ACTION_FIXTURE is located at the ESpec
website.

Row Fixture: A Row Fixture associated with a table tests whether the ex-
pected elements of a list (or database) matches the actual elements in the list
(or database). The developer creates a Row Fixture by inheriting from class
ES_ROW_FIXTURE[G], where G is a generic parameter which must be instantiated
to the type of the object in the database. As before, the table headings are bound
(via agent expressions) to appropriate routines. A deferred function routine
query must be effected by the developer. The query routine returns a linked
list representing the items in the database of the business logic. An algorithm

matches rows with objects based on one or more keys. Objects may be missing
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or in surplus and are so noted [68]. The Fixture processes all the rows of one

table following steps:

1. Bind: which is done manually by binding the table headings to agents

defined in the Fixture code in the make routine.
2. Query: gets the list of objects from the System Under Test.

3. Match: compares the expected elements and the list of objects returned by

the query feature.
4. Build: creates html for missing rows.

5. Mark: marks missing and surplus rows as such.

The comparison is made using a recursive partitioning strategy. That is, on
the first pass both the rows from the table and the objects from the collection are
partitioned based on the first column. The values from the table are converted to
object format before the partitioning (we will see more on the conversion in later
section).

If a partition contains exactly one row and one object, all fields are com-
pared and the results displayed and tabulated. Fields which do not compare
are marked wrong, fields which do compare are not marked. If either side is
empty, all members of the other are marked as containing either extra or missing

TOWS.
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If either side contains more than one row or object (and the other is not
empty) then that partition is recursively partitioned on the next column. The
process continues until either a match, extra or missing row is found, or we run
out of columns. In the latter case we obviously have duplicates, so the top entries
are matched, and the excess on either side is either extra or missing.

The match process ends when both sides contain exactly one object (a match),
one side or the other contains no objects (missing or surplus) or there are no
more columns to partition. This last case is only possible if there are duplicate
rows or objects; as many rows and objects as possible are matched, the remainder
are either missing or surplus. The results appear in the same order they occurred
in the table. Extra rows are inserted immediately after the cluster they belong to.

Columns which are missing data are ignored in the match. Columns which
do not match in any object are an error and the table is aborted immediately.
Objects which have missing attributes during the match are otherwise marked as
excess; missing attributes after the partitioning process completes are considered
mismatches and are marked wrong.

In order to develop ES_ROW_FIXTURE, we need to inherit from ES_FIXTURE_UNIT
and redefine the above key features to generate the action Fixture behavior. The

Fixture code for the ES_ROW_FIXTURE is located at the ESpec website.
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5.1.5 Implementing new Fixture types

Consider Table 5.2l which is an extension of our credit example from Chapter
(see Section for the Fixture code). The table looks like a Column Fixture,
but it also has a Total Credit in the last row (as in a spreadsheet). Since the ta-
ble is very similar to a Column Fixture, we inherit from ES_COLUMN_FIXTURE and
redefine the standard behavior. We have redefined routines process_row, and
post_process_table (lines 4-5). Routine process_row (lines 42—49) is redefined
to ignore the last row as this row will be treated in feature post_process_table
at which point it executes a routine that is associated with the rightmost bottom
cell where the total of all credits must be calculated and checked.

In post_process_table (lines 51-55), we must (a) specify the target cell where
the total credit will be printed, and (b) bind a routine to the cell (in this case rou-
tine credit_sum). We may think of the table as a spreadsheet with the appropri-
ate cell at the intersection of row Total Credit and column Maximum credit allowed
(Table 5.2). The specification of this cell is done by a call to connect_to_target
at line 53. This routine inherited from ES_FIXTURE_UNIT. As before, the binding
of the cell to routine credit_sum is done in the constructor make (lines 12-17).
The credit_sum attribute is added to the Fixture class to calculate the required

totals. Since we need the values in the last column of the table (with heading
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“Maximum credit allowed”), we increase the credit_sum attribute in the agent
that handles that column (i.e., credit_limit).
The row-by-row processing, adopted in this design, allows us to create new

fixtures with relative ease.

Calculate Credit 2
Months trading | Balance | Should be given credit? | Maximum credit allowed
12 50000 [ True 100000
13 50000 [ True 100000
15 70000 | False 0
25 59999 [ True 200000
Total Credit 400000

Table 5.2: New kind of Fit table

5.1.6 Execution of Fixtures

ES-Fit can execute on either an input HTML file or an input directory containing
many HTML files. In directory mode, the system will recursively run the parser
on every file in the directory that has an “HTML” or “"HTM” extension. After the
HTML files are read and parsed, and the ES_FIXTURE_UNIT objects are matched
with the corresponding tables in the document, then the Fixtures are executed.
A single HTML document may contain as many Fit tables (with various
types) as is needed. We associate an HTML file with an ES_FIXTURE_SUITE ob-

ject. An instance of ES_FIXTURE_SUITE contains a collection of ES_FIXTURE_UNIT
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objects that can be accessed through the fixtures attribute’. The order in which
ES_FIXTURE_UNIT objects are stored in the fixtures array correspond to the order
in which Fit tables appear in the HTML document. These ES_FIXTURE_UNIT ob-
jects are added to the system by the developer in the creation routine in the root
class of the system via routine add_fixture. This routine binds the name on the
header of each HTML fit table to the corresponding objects in the suite. Fig.
shows how ES_FIXTURE_UNIT objects (stored in the ES_FIXTURE_SUITE) object cor-
respond to the Fit tables in the HTML document. Fig. shows that we can
store various concrete subclasses of ES_FIXTURE_UNIT class (e.g., CREDIT_FIXTURE,
TELEPHONE_FIXTURE, COUNTER_FIXTURE) in the ES_FIXTURE_SUITE.

As mentioned earlier, all Fixture objects associated with an HTML document
is stored in ES_FIXTURE_SUITE. A routine called run_html in ES_FIXTURE_SUITE
will go through the list of fixtures that are currently stored and execute them
one after the other. For every table T in the HTML document (that has an asso-

ciated ES_FIXTURE_UNIT object O), we execute the following steps on O:

1. call pre-process-table

2. while T has more rows

’Since ES_FIXTUREUNIT is a deferred class, we cannot directly create an object of its
type. Therefore, we need to create an object of a concrete subclass of ES_FIXTURE_UNIT, e.g.
ES_COLUMN_FIXTURE, ES_ROW_FIXTURE, ES_ACTION_FIXTURE, etc...)
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Tack 416-433-1322

Counter Fixture

start |counter

Figure 5.8: ES_FIXTURE_SUITE and its relation to the HTML document
(a) call pre-process-row
(b) call process-row

(c) call post-process-row

3. call post-process-table

In process-row we execute the ES_FIXTURE_CASE objects which correspond to
the basic calculations of a row. In order to execute an operation in ES_FIXTURE_CASE,

we need to read the input values from the Fit tables and convert them to appro-
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priate types (e.g., BOOLEAN, STRING) as required by the operation. The question
that comes to mind is how to do this conversion automatically. The following

section describes how this is done in ES-Fit.

5.1.7 Reflection

The original Fit framework in Java is highly dependent on the reflection capabil-
ities of the supporting language®. The Fiffel language itself does not yet support
reflection although external reflection libraries are available [61]. Reflection re-
moves some of the burden on the developer. For example, in a Column Fixture, a
class is automatically created via reflection with the same name as the table head-
ing. In that class, attributes and methods corresponding to the column headings
are created automatically. All that the developer needs to do is to implement the
method referring to the attributes for what are, in effect, the arguments of the
methods.

One of our design decisions was not to use the reflection capabilities. One
reason was pragmatic—we were not sure at the time how robust the external li-
braries were. In addition, a major problem with reflection is that it forces the cus-

tomer to use names consistent with Java syntax for class, attribute and method

8Reflection is a mechanism that allows an application to query its own metadata. Reflection
allows an application to discover information about itself so that it may display this information
to the user, modify its own behavior by using late-binding and dynamic invocation (i.e., binding
to and calling methods at runtime), or create new types at runtime (Reflection Emit).
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names. In our approach, the developer has to do more work (by binding names
to routines) but this has the advantage that customers have complete freedom in
the choice of names consistent with their business logics. We will describe other
advantages to our approach.

Eiffel does provide some reflection capabilities. Agent expressions encapsu-
late routines as objects so that those routines can be executed at some later time
as needed. Class INTERNAL in the base library offers several features to access
and manipulate the state of an object and to create new instances of a particular

type. The Fit framework benefits from reflection in the following scenarios:

1. When creating a new instance of the Fixture class based on the class name

provided in the HTML file (table header).

2. When binding the string name of the method or attribute in HTML file to

the actual Methods or Fields in the Fixture class.

3. When setting Fields or executing Methods of the Fixture class on the con-

verted input values read from the table.

4. When comparing the result of method calls with the contents of a cell in

the HTML file.

As mentioned in the above sections, in ES-Fit we take care of (1) by using the

agent mechanism of Fiffel where developers create the Fixture objects in the root
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class and bind those objects to the names that appear in the HTML file (using
the add_fixture routine). To handle (2) we use agents to encapsulate various
operations of each Fixture. ES_FIXTURE_CASE class is used to pass these oper-
ations to ES-Fit engine. Binding the actual names of these operations to these
ES_FIXTURE_CASE objects is done by the developers in the make routine of the Fix-
ture class (using the bind routine).

This restriction comes with a valuable benefit: we are able to use the customer
provided HTML tables directly without further modifications. In other words,
ES-Fit is neither dependent upon the strings in the header of the tables nor on
the string names of the operations. This is valuable because the customer can
focus on the business logic without having to think about underlying classes
and methods.

The original Java version of Fit stored column inputs in attributes and col-
umn computations in methods without arguments. In our approach, the rou-
tines have arguments corresponding to the input columns so that the routine
better encapsulates the computations.

In order to deal with scenarios (3) and (4), we need to find a way to convert
the input string values (that are read from the HTML file) to the actual types of
the corresponding agent arguments. Note that this conversion should be done at

run-time. For example, consider the Fit table[5.3]and its Fixture code in Fig.
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Logic Fixture

P Q Pand Q
True | True | True
False | True | False
True | False | False
False | False | False

Table 5.3: A Column Fixture

Before executing the calculate_and agent, ES-Fit has to convert the input
values (read from the tables cells) to the appropriate type conforming to the
type of the argument (BOOLEAN in this case) and use these values as input ar-
guments. Similarly, after the operation is finished, ES-Fit has to convert the ex-
pected output value of the agent (read from the table) to the return type of the

calculate_and agent (BOOLEAN in this case).

5.1.8 Type Conversion

The type conversions of ES-Fit use the Eiffel tuple and agent (see Appendix [Al)
constructs.

The tuple type is any type based on class TUPLE, i.e., any type of the form
TUPLE [Ty, T5,..., T;] for any n (including 0, for which there is no generic pa-
rameter). An instance of TUPLE [Ty, Ty, ..., T;;] is a tuple whose first element is
an instance of Tj, the second element being an instance of T etc. Mathemati-

cally, TUPLE [T;, Ty, ..., T,] is the set TUPLE, of all partial functions f from N+
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class LOGIC_FIXTURE inherit
ES_COLUMN_FIXTURE

create
make

feature{NONE}

make
do
bind ("P and Q", agent calculate_and)
end

calculate_and (a, b: BOOLEAN): BOOLEAN
do
Result := a and b
end
end —— class LOGIC_FIXTURE

Figure 5.9: The Fixture code associated with a Column Fixture

(the set of non-negative integers) to T; U Tp U ...T};, such that: (a) The domain of
f contains the interval 1---#n (in other words, f is defined for any i such that
1<i<n) (b)Forl <i<mn, f(i) isa member of T;. There can be more than n
elements to the tuple. For example, the tuple [5,” foo”] (i.e., the tuple with first
element 5 and second element “foo”) is an instance of all of the following tuple
types: TUPLE; TUPLE [INTEGER]; TUPLE [INTEGER, STRING].

Developers link Eiffel routines (with arguments) to computations that must
be performed in Fit tables. The binding operation stores the routines as an agent
expression object (an instance of ROUTINE) which can be queried for its empty

operands as a tuple (via the query empty_operands). The tuple so returned
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(representing the arguments of the routine) can be queried for the type of each
operand. For example, class TUPLE has an is_integer_item(i) query that may
be used to check if the i-th argument is of type integer. This type checking is
done in class ES_FIXTURE_CASE.

The type of the output of the computation is detected in the similar way (out-
put type is converted to a TUPLE object and then checked against the various
supported types).

After detecting the input argument/output types, we need to convert the cor-
responding string value that was read from the HTML table, to the detected type
(for example, if the first argument was of type INTEGER, the value read from the
table should be converted to an INTEGER). If the there is an error in conversion, it
will be reported to the table as a type error (for example, if we expect to convert to
an INTEGER, and the read value was a character). Type conversion is done in the
ES_FIT_COMPUTATION class which has features for converting STRING type to var-
ious supported types (see Fig. 5.10). These features are of form handle_T_case
(where T is the name of the type, e.g. integer). ES-Fit currently supports the
following types: STRING, INTEGER, REAL, BOOLEAN, CHARACTER, ARRAY [STRING],

ARRAY [INTEGER], ARRAY [REAL], ARRAY [BOOLEAN], and ARRAY [CHARACTER].
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ES_FIT_COMPUTATION

+1 << Computation>>

-=< Conversion==

+ canvert_fram_int_array (a: ARRAY [INTEGER 32&]{? STRING 5

+ corwert_from_char_artay (a; ARRAY [CHARALT B& STRING_&
+ convert_from_real_array (a; ARRAY [REAL 32]%: STRING &
+ corwert_from_double aray (a; ARRAY [REAL B4)): STRING 8

+ corwert_from_boolean_aray (ar ARRAY [BOCOLEAN]): STRING A
+ |:|:|nvert_frum_string_arragﬁs: ARREAY [STRIMNG EE: TRING &
+ conwert_to_int_array (s NG ) ARRAY [INTEGER 32

+ corwert”to_char_array (50 STRING 8): ARRAY [CHARATTER 8]
+ corwert_to_real “array (50 STRING 81 ARRAY [REAL 32

+ convert_to_double_array (s STRIM Eg ARRAY [REAL B4

+ corwert to_boolean_array (s STRING B): ARRAY [BOCOLEAR]
+ corwert_to_string_array (50 STRING 8] ARRAY [STRIMG 8]

+4 == Color==
+10 =< Implementation==

+1 << Initialization=>

- =< Statistics>>

+ increase_right

+ increase_wrong

+ increase_exception
+ increase_ignore

+ reset temp
+reset_all

+ ignare_table

-<< Computation=>

+ handle_boaglean_case (v TUPLE; ariginal_value: STRING &, fo: ES_FIKTURE CASE?E

+ handle_character_case {re. TUPLE; original_value: STRING 8; fo: ES FIXKTURE _CASE)

+ handle_double_case {re TUFPLE; original_value: STRING 8/ fc: ES FIRTURE _CASE)

+ handle_real_case (rv TUPLE; original_value: STRING 8;7Fc: ES_FIRTURE CASE)

+ handle_integer_case (v, TUPLE; original_value: STRING 8; fo;, ES_FIXTURE_CASE)

+ handle_string_tase (rv. TUPLE; original_value: STRING_F, fo: ES_FIXTURE TASE)

+ handle_user_case (r TUPLE, c:rLiﬂzl'naI value: STRING_F; fc: ES_FIXTURE TASE

+ handle_integer_array_case (ne TUPLE, original_value: STRING T fo: ES FIRTURE CASE)
+ handle_char_array_case (r. TUPLE; original_value: STRING 8 fo: ES_FTXTURE_CASE)
+ handle_real “array case (re TUPLE; original walue: STRING B fc: ES FIXTURE EASE%

+ handle_double_array_case (v TUPLE; original_value: STRING 8; fo: ES_FRRTURE _CASE
+ handle_boolean_aray_case (rv TUPLE; onginal_value; STRING 8; fo: ES FIXTURE _CASE)
+ handle_string_array_tase (ne TUPLE; original_value: STRING 8 fo: EE_FT{TURE_CASE)

+2 << Color==

Figure 5.10: Available features of ES_FIT_COMPUTATION
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5.1.9 Dealing with Contract Violations

If there are violations of any kind (e.g., Contract violations or assertion viola-
tions, etc.) ES-Fit reports it directly to the table (with yellow background) with a
detailed description indicating the location of the error. This information can be
used by the developers as a debugging facility to locate bugs in the specification
and/or the implementation.

In order to be able to report such errors, we need to use the Base Library class
EXCEPTIONS, which provides facilities such as reporting the type of the last excep-
tion. The EXCEPTIONS class provides the symbolic names for all exceptions (e.g.,
“precondition violation”, “post condition violation”, etc.). We can then detect
various exceptions by testing the generated exception against various possibili-

ties. In ES-Fit, the ES_FIXTURE_CASE class inherits from the EXCEPTIONS class and

deals with run-time violations.

5.1.10 Result comparison

In this step, we compare the value that was returned by the business logic (ac-
tual) to the value which was read from the table (expected). The comparison
is done in the ES_FIT_COMPUTATION class right after the conversion. If the ex-

pected value is different than the actual value, a report is written back to the
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corresponding table cell (with red background), otherwise, the report shows
a “passed” case (with green background). These statistics are also kept in the
ES_FIT_COMPUTATION class.

If the output cell from the table is left as blank then the cell will be ignored
and the actual result will be written to that cell (with gray background).

The Void keyword is used in the Fit tables to expect a void result. In this case,
the cell will be marked as green if the returned value by the system under test is
void. The Empty keyword can be used in the Fit table to express expectation for

1“"rr

an empty string (i.e., “”). In this case, the cell is marked green only if the resulting
string generated by the system under test is empty. The Error keyword is used
when an exception is expected (e.g, a precondition violation). The corresponding
cell will be marked as green only if during the execution of the agent a violation
happen.

ES-Fit also allows the developer to define new types and new equality rules.
The new equality rule will be used by the ES-Fit engine to check the expected
value (read from the table) against the actual value (returned by the system). For
example, the developer may associate string “Yes” from the Fit table to Boolean
value “True”.

ES_FIT_TYPE class can be used to define new type definitions. The developer

has to create an object of type ES_FIT_TYPE and define a new equality rule (e.g.,
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Less than

A | B | Isless than?
1 |2 |yes

2 1 No

15|19 | YES

Table 5.4: An example of table with developer defined types

how two values are equal) and pass it to ES-Fit. ES-Fit takes care of the rest.

A simple example is shown in Table[5.4l The first two columns are the input
integer values and the third column is the expected output value. As shown, the
customer has used “Yes” instead of “True” and “No” instead of “False” values.

Fig. 5.11l shows the Fixture code that deals with Table 5.4l The agent that is
bound to computation a < b, returns an object of type ES_FIT_TYPE (line 12); this
object is created at line 15. The new equality rule which will be used by ES-Fit to
compare the actual and the expected values is defined at lines 24-27 in a form of
an agent function which takes two string arguments and returns a Boolean value.
In our example, the developer decided that the comparison should be done case
insensitive (see line 26). The equality agent is then passed to the ES_FIT_TYPE
object using the set_comparison_func feature. The developer can then manually
convert the actual value (returned by the business logic) to the desired strings,
e.g., when a < b, the developer tells ES-Fit to interpret this as a “Yes” (see line

18).
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1 class LESS_THAN_FIXTURE inherit

2 ES_COLUMN_FIXTURE

3 create make

4

5 feature {NONE}

6

7 make

8 do

9 bind ("Is less than?", agent compute)

10 end

11

12 compute(a, b: INTEGER): ES_FIT_TYPE -- returns an ES_FIT_TYPE
13 -- is a less than b?

14 do

15 create Result

16 Result.set_comparison_func (agent equality)
17 if a < b then -- binding "Yes" to true

18 Result.set_actual_value ("Yes")

19 else -- binding "No" to false

20 Result.set_actual_value ("No")

21 end

22 end

23

24 equality (s1, s2: STRING): BOOLEAN is

25 —-- Defines how the comparison is done by ES-Fit
26 do

27 Result := sl.is_case_insensitive_equal (s2)
28 end

29 end -- class LESS_THAN_FIXTURE

Figure 5.11: The Fixture code associated with Table[5.4]

The type definition is useful because a customer can freely assert business

needs without having to know much about programming. Another good ap-

plication of type definition is when we are comparing real numbers with many

decimal places. The developer can define an € value (e.g.,a < biffa — b < €) for

comparing the actual and expected values read from the table.
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5.1.11 Reference tables in the HTML input

A Fit requirements document may contain many tables that need to share data.
For example, a description of a bank dealing with foreign currencies may need
to refer to a table of standard conversion rates. In such a case it is convenient to
place all the conversion rates in a single table with the data in that table shared
by all the other tables. To update the conversions we need only make the change
in one place. The standard Fit framework does not supply such a construct.
We thus introduce such tables representing shared data with a new keyword
Reference.

Consider the following requirement for calculating the credit limit of a com-

pany:

[R2] Credit is allowed, up to an amount of $X for companies who
have been trading with us for at least one year and have a balance
owing of less than $Y. This credit is extended to an amount of $Z for
companies who have been with us for more than two years.

The values X, Y and Z could be described via extra columns in Table 3.1}
however, the intention in this case is that X, Y and Z are global data. It would
be inconvenient to change these parameters for every row in the table. What we
need is another table that contains this global data that is referenced by Table[3.1

Customers may easily change the Reference Table to test that the code is

working correctly with the new requirements. The standard Fit framework does
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not accommodate such references. We have thus extended the ES-Fit with the
Reference keyword (see Table5.5). Fixture code may refer to the Reference Ta-
ble for retrieving the global data. The following code is used to refer to the Max
Balance (Y) constant in the Reference Table “Data 1” (see line 37—40 in Fig.[5.12):

get_reference (‘‘Data 1’’, <<‘‘Max Balance (Y)’’, ¢‘?’’>>).to_real

Reference: Data 1

Max credit (X) 100,000
Max Balance (Y) | 600,000
Max credit (Z) 200,000

Table 5.5: Reference table for the credit example

The above expression searches a reference table with heading Data 1 for a row
that starts with Max Balance (Y). The question mark (“?”) represents the value in
the associated table cell that we wish to retrieve (i.e., $600,000). Since the value
is read in form of a string, the developer has to convert it to a real value (using
to_real feature).

The get_reference feature is implemented in ES_FIXTURE_UNIT in ES-Fit li-
brary and is available to all Fixture classes (see Fig. 5.6). Another important
feature which can be used refer to a Reference Table is get_reference_cell(t,
n, m) which returns the contents of the table cell located at row n and column m

of the Reference Table t.

170



O XUk WN -

class CREDIT_FIXTURE inherit
ES_COLUMN_FIXTURE

create
make

feature {NONE}
make
do
bind ("Should be given credit?", agent allow_credit)
bind ("Maximum credit allowed", agent credit_limit)
end

allow_credit (months: INTEGER; balance: REAL): BOOLEAN
local rules: RULE -- RULE class is part of business logic
do
create rules.make (max_balance, max_credit_1, max_credit_2)
Result := rules.is_allowed (months, balance)
end

credit_limit (months: INTEGER; balance: REAL): REAL
local rules: RULE

do
create rules.make (max_balance, max_credit_1, max_credit_2)
Result := rules.credit_limit (months, balance)

end

max_credit_1: REAL is
do
Result := get_reference ("Data 1",<<"Max credit (X)", "?">>).to_real
end

max_credit_2: REAL is
do
Result := get_reference ("Data 1",<<"Max credit (Z)", "?7">>).to_real
end

max_balance: REAL is

do
Result := get_reference ("Data 1",<<"Max Balance (Y)", "7">>).
to_real
end

end -- class CREDIT_FIXTURE

Figure 5.12: Referring to a Reference Table
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51.12 Output

ES-Fit uses the ES_HTML_PARSER class to write the results back to the tables. There
are a variety of features available to write output back to the tables. These fea-
tures are implemented in the ES_HTML_PARSER class (see ESpec code for more in-
formation).

The following section describes the design and implementation of ES-Test.

5.2 ES-Test Architecture

ES-Test is the first lightweight unit testing framework for Eiffel. Unit testing,
when combined with DbC, BON and other best practices, leads to rapid soft-
ware development without sacrificing proper design principles. The BON static
diagram of the ES_TEST cluster is shown in Fig. This section introduces the
basic architecture ES-Test.

The ES_TEST cluster contains three clusters:
e CASES

e COLLECTIONS

e HTML-REPORTING

ES-Test is flexible in that one can structure the tests in an arbitrary ordering.
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#* #*
TEST_SUITE _ P TESTABLE

#*
UNIT_TEST

cases: LINKED_LI=T[...]
+
+
WIOLATION _CASE

ES_TEST_SUITE BOOLEAN_TEST

CASE

Figure 5.13: BON Static Diagram of es-test cluster located in ESpec library

To implement a unit test class, one is required to subclass UNIT_TEST and de-
fine zero or more test cases (see Chapter 2 for examples). The UNIT_TEST class
contains a LINKED_LIST containing various test cases. The test cases are either
a BOOLEAN_TEST_CASE or a VIOLATION_TEST_CASE (both inherit from TEST_CASE
class). These test cases are added to the unit test objects directly by the de-
velopers in the concrete subclasses of UNIT_TEST. The test cases are added us-
ing any of the following methods: add_boolean_case, add_violation_case, and
add_violation_case_with_tag. Zero or more UNIT_TEST subclasses are then ag-
gregated into a subclass of TEST_SUITE which is then executed to run all tests.

In summary, a TEST_SUITE object is a collection of UNIT_TEST objects which
are themselves collections of TEST_CASE objects. The test suite is built up recur-

sively: class tests and an inter-class test comprise a cluster test; cluster tests and
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an inter-cluster test comprise a system test. In all Unit Tests, the test cases will be
added in the make creation routine. These cases were explained with examples
in Chapter

ES-Test supports two forms of output: HTML or GUIL The HTML_REPORTING
cluster contains classes which implement HTML functionality. An HTML report
will be generated for every unit test class showing the status of testing of each
test case in that class. An example of an HTML output for a suite of Unit Tests
(i-e., ALL_DICTIONARY_TESTS) is shown in Fig.[5.14l Violations are reported to this
HTML report with information regarding the location of the violation. Contract
violations can then be traced using the HTML output. The name of the HTML

file is declared in the make creation feature of system root class.

5.2.1 Communication with ESpec’s GUI

Running the tests (ES-Fit or ES-Test) can be done from either command-line (re-
sults in generation of an HTML output file), or from the ESpec GUI The ESpec
GUI helps developers to execute various modules of ESpec (i.e., ES-Fit, ES-Test
or ES-Verity) individually or in unison under a single green/red bar.

The GUI communicates with the ESpec library through a TCP/IP stream (see
Fig.5.1). This design is chosen because it completely separates the business logic
(ESpec library) from the GUI. The design also allows us to update the ESpec
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Test Run:12/30/2006 6:54:09.452 PM
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<000000000173ED10> Routine failure. Fail
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<00000000017300C0 Routine failure. Fail
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BOOLEAN_TEST_CASE run @2
<0000000001730718 Routine failure. Rescue

P—\SSFI-} i NONE | a]l peop.l.e in t-:h-c-t;ona.ry over 18

[PASSED NONE lirudel exists in dictionary aged 50 ]
DICTIONARY TESTS_

[PASSED NONE [*Does it fail to make a_dic_iterm with woid key?

[PASSED NONE Does it return the key and the value of DIC ITEM 7

;P.'—\SSFI} ] NOME Does make a DIC ITEM with woid value?

[PASSED | NONE ] Does it make an empty dacnona.ry”f

P—\S‘)FI} i | NONE IDoes i put a key and s Va]ue it

P SSED | NONE i ”‘Does it Fal to put void key i the dwhona.ry?

[PASSED . HONE [*Doss it fad to put a key which already easts? [
:PASSFD T NONE | i%)ut more keys in the dictienary

fpacern | WNTR TiMase il far mrid walinec?

Figure 5.14: HTML report generated by ES-Test
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library without having to re-compile the GUI.

The GUI runs the tests and displays the results. If all tests pass, a green bar
is shown with test statistics (Fig.[5.15). Boolean/Violation test case successes are
reported separately. As well, each test passed is listed. If even one test fails, a

red bar is displayed and the failing tests are indicated (see Appendix[D|for GUI
screenshots).

4% ESpec 1.2.2 Research Edition =[]
File ViewfEdt Tools Window Help
Messages Test Results

AutoTest

i)

Tests Result Summary

Doemad |3 Failed 0 Hide passed test xesults | T.0 I |

violations |0 Total 3 Show selected test cases | Recompile

Done

Figure 5.15: ESpec runs ES-Test when “ES-Test” button is pressed

In order to communicate with the GUI, we have developed the ES_CONNECTION

class. Various ESpec tools such as ES-Test, ES-Fit and ES-Verify use this class
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to send their results to the GUI. For example, ES_TEST class inherits from both
UNIT_TEST (which is used to run Scenario Tests) and ES_CONNECTION allowing
the ES-Test application to communicate with the ESpec GUI. Similarly, ES_FIT
(which runs the Fit tests) and ES_VERIFY (which runs the verification tool) both
inherit from ES_CONNECTION to report the results to the GUL

ES_CONNECTION reports the test results immediately, as they are executed and
controls the test progress with the ability to cancel a test run without losing the
results. It opens a TCP client connection to the loopback interface (locahost) and
sends the results to the GUI as soon as the information is available by the running
application (because of this, ESpec library is dependent upon the net library in
Eiffel Base). If a network error occurs while running the test suite, the execution
stops before the next test case. This allows the GUI to abort test applications that
are responsive (i.e., not in an infinite loop). Using this architecture, we can au-
tomatically change the behaviour of ESpec depending on the mode of execution
(i.e., GUI or command line). ES_CONNECTION checks whether ESpec is running in
GUI mode, if so, reports from various tools are sent to the GUI, otherwise, the
report is sent to the command line. Fig. shows a BON diagram of this part
of ESpec library.

This architecture allows for future extension of ESpec (e.g., introducing model

checking facility). The available features in ES_CONNECTION class are shown in
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Figure 5.16: Connection architecture

Fig. 517

5.3 ES-Verify

The design and implementation of ES-Verify is described in Appendix[Cl The
remaining sections of this chapter are devoted to the description of ES_SUITE

(the shared interface between various tools in the system).

5.4 Seamless integration of ES-Fit, ES-Test and ES-Verify

In Java, a developer may use JUnit for Unit Tests and the Fit command line
application for the Fit tests [31]. As pointed out earlier, ESpec adds to the stan-
dard tools some additional features. The first addition is that contracts are used

to formally specify the details of the business logic. Violations of this specifica-
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ES_CONNECTION

+15 << Implementation>>

-<< for users>>
+ run_espec

#creafe_socket

#run_all
#run_es test
#run_es_fit
#run_es_werify

+ print_to_screen (message: STRING_8)

-<< Implementation>>
#safe_put_string (message: STRING_8)

# set_socket (sock: NETWORK_STREAM_SOCKET)
# open_connection
#close_connection

{effective}
ES_VERIFY

1

feffectivel
ES FIT

FS TEST

+3 << implementation=>

+1 <<run tests>>

-<< Available to the user>>

+make_fixtures

+ add_flxture (name_of the_fixture: STRING_8; fixture_object: ES FIXTURE_UNIT)
+ connect_row_to_action {row_fixture, action_fisture: STRING_5)

-<< implementation>>
- run_es_fit

- run_es_test
- run_es_werify

-<<mn tests>>

+ run

+ run_with_socket
+run_es_test

+ run_es_fit

+ run_es_verify

+21 << Class attributes>>
+2 << Initialization>>

+2 << Run esverify>>

+2 << translation>>

+1 << utility>>

+4 << verification=>

+1 << Status change>>

-<< Initialization>>

+ run_es_varify

+fun_es_tast

+mnesft

+ make_es_verify {inputs: ARRAY [STRING_8])
+1 << Run esverify>>

- << translation>>

+ perfect_translate
+translate_reference_semantics
+translate_value_semantics

- << utility>>

+ add_input_directary {path ETHINGS%%Q

+ add”input_directory_simple [path ING_8)
- << verification>>

+ perfect_verification

+ process_result

+ report_result (output: STRING_8)

+6 << Status change>>

Figure 5.17: Available features of ES_CONNECTION

In order to run the Fit tests, the software developer places the test Fixtures

ously in order to certify the quality of the product.
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tion will be reported in the Scenario Tests and the Fit Tables. The second addition
is that we unify the Fit Fixtures, Scenario Tests, and the Verification module in

the same class, so that validation and verification can be performed simultane-

in a class that inherits from class ES_FIT. Scenario Tests are placed in a class that
inherits from ES_TEST_SUITE. Similarly, to run ES-Verity, developer has to inherit
from ES_VERIFY and specify the files to be verified. We may combine Validation

(Fit Fixture Tests), Lightweight Verification (Scenario Tests and Contracts) and




full verification (ES-Verify) under the report of a single green bar by declaring
three types of tests in a class thatis a descendant of ES_SUITE. Eiffel supports mul-
tiple inheritance, and thus allows us to develop this shared interface by inherit-
ing from multiple classes in the system. We developed ES_SUITE which unifies
the three types of tests in a single class by inheriting from ES_FIT, ES_TEST_SUITE
and ES_VERIFY. So it would be enough that we inherit from ES_SUITE in system’s
root class where we combine various kinds of tests. Fig. shows this architec-
ture’

The list of available commands in the ES_SUITE class is shown in Table

These commands may be used in the make routine of a subclass of ES_SUITE.

9This architecture raises the diamond problem. In object-oriented programming languages with
multiple inheritance, the diamond problem is an ambiguity that arises when two classes B and
C inherit from a shared parent A, and another class D inherits from both B and C. It is called the
“diamond” problem because of the shape of the class inheritance diagram in this situation. Class
A'is at the top, both B and C separately beneath it, and D joins the two together at the bottom to
form a diamond shape. Of course the above statement can be extended to more than two classes
like in our case: three classes ES_TEST_SUITE, ES_FIT, and ES_VERIFY inherit from ES_CONNECTION
and ES_TEST_SUITE inherits from the three classes (see Fig.[5.18).

Eiffel deals with the diamond problem through the use of select and rename keywords, where
the ancestor’s methods to use in a descendant are explicitly specified. This allows the methods
of the base class to be shared between its descendants or to even give each of them a separate
copy of the base class.
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Cessotecnon>
%@

Figure 5.18: ES_SUITE shared interface

5.5 ESpec GUI

The purpose of ESpec GUL is to provide a convenient environment and graphical
interface for users of ESpec library. ESpec GUI is written in Eiffel 6.0 and is cross-
platform for Linux, UNIX and MS Windows. ESpec GUI is maintained in three

flavors:
e ESpec Full (Research Edition) for Windows
e ESpec Student (Academic Edition) For Windows

e ESpec Student (Academic Edition) For Linux/Mac

We aimed to base our GUI design on well-known HCI principles [33]. It is

targeted towards maximum usability. The basic principles of usability and the
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ES_SUITE developer commands Descriptions

add_fixture (name:STRING, Associate the Fit table with title
fixture_obj:ES_FIXTURE_UNIT) “name” to the “fixture_obj” and
example: add_fixture ("R1: Chat Server add it to the current suite of
Setup”, create{ CHAT_ACTION}.make) tests.

connect_row_to_action (row_fixture, Connect the Row Table with title
action_fixture: STRING) “row_fixture” to the Action Table
example: connect_row_to_action ("R2, R3 with title “action_fixture”, note:
and R4: Scenario Query”," R2, R3 and R4: associated Fixtures must already

Scenario”) be in the current test suite.
add_input_directory (path: STRING) Add all files in the directory
example: add_input_directory specified in “path” to the current
("./project”) suite for full verification using

the ES-Verify tool. “path” is a
relative path from the root

directory.
add_input_file (file: STRING) Add a single file specified in
example: add_input_file ("./stack.e”) “file” to the current suite for full

verification using the ES-Verify
tool. “file” is a relative path from
the root directory.

set_output_directory (path: STRING) Set the target directory for the
translated files.

add_test (t: UNIT_TEST) Add the unit test “t” to the

example: add_test (create current test suite.

{UNIT_TEST _1}.make)

show_errors Show the complete stack of the

generated exception (if any) in
the ESpec GUI.

set_html_name (name: STRING) Set the name of the generated
HTML report by ES-Test.

run_espec, run_all Run all tests in this suite.

run_es_test Only execute Unit Tests of this
suite.

run_es_fit Only execute the Fit tests of this
suite.

run_es_verify Only execute the ES-Verify tool.

print_to_screen (m: STRING) Print message "m” to ESpec GUI
or command line output.

es_sleep (n: INTEGER) Put the current thread into sleep

for “n” milliseconds.

Table 5.6: ES_SUITE commands available to the developer

ways our application satisfies them are described below:
Predictability: The main functions are clearly displayed in the command
panel on the right side of the screen. Standard Windows shortcuts are used

whenever possible. The menus are organized in a familiar way. We try to keep
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them as standard and intuitive as possible.

Consistency: The function names are consistent throughout the application.
Command names are consistent between the menus and the screen buttons.

Flexibility: Almost all the functionality can be activated by keyboard short-
cuts.

Customizability: User may adjust such attributes as working directory, in-
teraction mode, color scheme, font size, name of service directories, default ES-
Clean settings, etc (see details in the user manual in Appendix D).

Observability: The current status is displayed on the screen at all times. The
counters on the run panel are updated as tests run. This provides opportunity
for the user to see the status incrementally. Test results, error messages, test
cases and opened files are displayed to different displays in order to allow user
to work with several documents in the same time and not to lose information.

Recoverability: The results of the tests that have already run are preserved,
even if the testing is stopped. Error recovery is performed by displaying a hint
to the user.

Responsiveness: The interface remains responsive even throughout long op-
erations. If there is no need to continue running the rest of the tests, a button to

stop the execution can be pressed.

183



The software developer may run all types of tests simultaneously under a
single green/red bar via the Run all Specs button in ESpec tool (see Fig. 5.15).
Alternatively, the developer can run a specific type of tests by invoking the as-
sociated button (i.e., Run ES-Test, Run ES-Fit, and Run ES-Verify). Test results for
both types of tests are reported in the tool results window.

In addition, the user can open and edit HTML documents (for Fit require-
ments) using ESpec’s internal HTML editor, perform the ES-Clean operation to
remove compilation-generated files, archive the Eiffel source files (using ES-
Archive), look up test cases in multiple source files, edit Eiffel source files, re-
compile existing Eiffel projects (freeze) and print test results and source code
(see Appendix [Dlfor screenshots of the GUI).

The GUI code consists of two major clusters, which are the ESPEC-GUI cluster
and the ESPEC-LOGIC cluster. They interoperate to various degrees to achieve the

goals of the application. Fig. shows the top-level diagram of the system.

5.5.1 The Business Logic cluster

The business logic class, ES_.LOGIC, manages Eiffel project directories, and con-
tains routines that execute all the testing tools (ES-Test, ES-Fit, ES-Verify) at the
same time or each of them individually. This class also contains routines to exe-
cute ES-Archive, ES-Clean and Freeze utilities. The ES_GLOBALS class stores and
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Figure 5.19: Cluster-level overview

provides access to global constants and shared variables.
The ES_FILE_TOOLS utility class provides simple file system related routines
for the both the GUI and the logic classes. Fig. 5.20l shows the classes of the

business logic cluster.
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Figure 5.20: BON diagram of the ESpec logic cluster

5.5.2 The GUI cluster

The application’s main window class, ES_.MAIN_WINDOW, handles the interaction
with the user of the system and uses the business logic classes to perform project
maintenance operations and access test data. The GUI is modularized to make
it easier to modify and maintain. Fig. shows a high level overview of the
contents of the main window.

The main window consists of four ES_PANELs. Each panel is responsible for
a distinct part of the window’s functionality. ES_.MAIN_WINDOW plays the role of
a Mediator between all the panels. This is important to allow for easy addition
of functionality to the application. The custom panels, command buttons and
blocks all augment Vision2 widgets with extra functionality (see Fig.[5.22).

The main command panel, ES_COMMAND_PANEL, consists of twelve buttons.
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These buttons represented by implementations of the ES_COMMAND_BUTTON de-

ferred class. The command buttons, for Run all Specs, ES-Test, ES-Fit, ES-Verify,

AutoTest are handled by ES_RUN_COMMAND_BUTTON class and ES-Archive and ES-
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Clean are handled by ES_ARCHIVE_COMMAND_BUTTON and ES_ECLEAN_COMMAND_BUTTON.
This architecture allows the business side of the application to focus entirely
on business-related functionality. Fig. shows the diagram associated with
these buttons.
We build custom dialogs from dialog blocks, as can be seen in Figures
and [5.21] all the dialogs consist of blocks: such as path combo box plus browse

button; or set of check boxes.

5.5.3 Summary of design patterns used

Our main window is a Mediator (see Fig.[5.22). It dispatches messages between
the menu bar, the display and the command buttons, which have no direct
knowledge of each other. This is done to lower the coupling between the compo-
nents. ES_GLOBALS is a Singleton class. The nature of its data and functions is that
it should exist only in one copy (like constants and shared variables). We decided
to implement most of the GUI modules as subclasses of Vision2 widgets, allow-
ing them to be inserted into the GUI structure directly (e.g. ES_COMMAND_BUTTONS).
They maintain their GUI behaviour, such as responding to button clicks, but
have additional functionality.

We decided to make the ES_GLOBALS class inherit from STORABLE so that we
could easily maintain settings between uses of the applications. The application
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loads the structure from disk at start-up time and then saves it every time a

parameter is changed.

5.6 Conclusions

In this chapter we explained the design decisions that were made in developing
the ESpec library and the ESpec GUI. We showed the development of ES-Fit
and our extensions to the original framework. We also showed the integrated
interface architecture (ES_SUITE) that allows the developer to run various tools

of the system individually or together for the purpose of testing.
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6 Related Work

In Section [[.3lwe described a rational software development as follows:

e Elicit and document the Requirements R of the customer in terms of the
phenomena in the Problem Domain. Constraints of the Problem Domain

are described by P.

e From the Requirements, derive Specifications S for the software code that

must be developed.

e From the Specifications, derive a machine C (the code) that satisfies the

Specifications.

This process was described as follows:

1. Validation of Requirements: PA S — R

2. Verification of Specifications: C — S

3. System Correctness: From (1) and (2) conclude that: PAC — R

191



We describe requirements before proceeding to design because the problem
to be solved should be specified before proceeding to solutions. We validate
the requirements (formula 1) by showing that the specified solution (S) satisfies
the customer requirements (R) in the problem domain (P). The Validation for-
mula checks that we are developing the right product—the one desired by the
customer as described by R.

Verification (formula 2) checks that the behaviour executed by the imple-
mented code C satisfies the specification S. This formula checks that we are
developing the product right.

Verification and Validation (V&V) have been pursued both formally and in-
formally. Informal methods of V&V use, as their notations, English text and
informal sketches, but also semi-formal notations such as UML which is used
in Model Driven Development [82]. The advantage of English text is that cus-
tomers understand it and can certify that what is being described is what they
want. Fully formal methods are “mathematically-based techniques, often sup-
ported by reasoning tools, that can offer a rigorous and effective way to model,
design and analyze computer systems” 271.

The Verification formula C — Sis asserted in a way that is friendly to the idea
of testable specifications and the use of formal methods. The formula asserts that

a behaviour that satisfies the software implementation must also satisfy the de-
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sign specification. Software developers (not customers) do verification and thus
both the code and the specification can be described formally and even mathe-
matically (customers are not expected to read these mathematical descriptions).
Consequently, there is a vast literature on methods and tools for doing formal
verification [27, (1, [83].

When it comes to Requirements Validation, the use of formal methods is
much more sparse. There are, in fact, relatively few tools that check require-
ments (as opposed to specifications). There are many good commercial tools
(such as DOORS [51])) for managing requirements. But these tools do not check
that the design specification satisfies the customer requirements.

Methods and tools such as i* and KAOS [90), 80] have been developed for
requirements descriptions. These methods and tools address the early require-
ments stage in which goals must be elicited before the requirements of a product
to be developed can be described. For example, a conference committee may
have, as a first-sketch, the Goal that authors receive feedback within 4 weeks of
the submission date. There are many ways to achieve this high-level goal. In
order to achieve this goal, the Requirement may be to develop an online sub-
mission and refereeing application that helps programme chairs cope with the
complexity of the refereeing process. This may include features such as man-

agement and monitoring of the programme committee and flexible facilities for
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management of the access of programme committee members and referees to pa-
pers that take into account conflicts of interests. Features might include facilities
for automatic paper submission, paper assignment based on the preferences of
PC members.!? A Goal is likely to be more stable and last longer than the corre-
sponding Requirement. The early phase aims to model and analyze stakeholder
interests and goals and how they might be addressed, or compromised, by var-
ious system-and-environment alternatives. Requirements modeling techniques
can be used to help deal with the knowledge and reasoning needed in this earlier
phase of requirements engineering. While this is an important area of ongoing
research, it is orthogonal to validating requirements in the context of this thesis
which deals with the later stage in which the requirements (as opposed to just
the goals) are better known.

The Problem Frames approach of Jackson [55] provides a framework for un-
derstanding the interaction between software and other system components.
It emphasizes decomposing an end-to-end system requirement into a machine
specification plus a set of assumptions about domains in the problem world.
The standard approach does not provide the designer with a means for per-
forming such a decomposition, apart from consulting a catalog of frame concern

patterns. In [81], a more systematic method for transforming an end-to-end sys-

19See, for example, http:/ /www.easychair.org/
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tem requirement into a machine specification plus a set of domain properties is
presented. The Problem Frames approach is extended to include a systematic
way to transform an end-to-end system requirement into a machine specifica-
tion. Given a Problem Frame description and an end-to-end requirement, a se-
ries of transformations turn the requirement into a specification and produce a
set of breadcrumb assumptions about the problem world. The specification and
breadcrumbs form a frame concern correctness argument for why the machine
enforces the requirement. The Alloy tool [53] is used for this decomposition.
Our interest in this thesis has been specifying object oriented systems using
Design by Contract using mathematical models (ML-Contracts). We will thus
survey other methods and tools that support object-oriented Design by Contract.

These tools have been developed only in the last decade or so.

Contributions of this thesis

Requirements are often described informally so that customers can read them. It
is thus harder to come up with mechanically testable requirements than testable
specifications. This is probably why there is much more research on formal Ver-
ification (formula 2) than formal Validation (formula 1). In this thesis we have
focused on three aspects of Validation and Verification (V&V) as described in
formulas (1), (2) and (3). The first aspect is that we insisted that in Validation
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we should strive to make requirements testable, and in Verification we should
strive to make specifications testable. The second aspect was that testing should
be supported by mechanized (possibly lightweight) formal methods tools. The
third aspect was to integrate the various tools in a single toolset so that Valida-
tion of requirements and Verification of specifications are used in a coordinated
way to check System Correctness. Because our method and tool (ESpec) deals
with requirements and specifications it is wide-spectrum.

The Fit framework used in this thesis is a suitable way of achieving the goal of
testable requirements in a way that can be fully integrated with testable specifi-
cations (ML-Contracts) so as to check system correctness as illustrated in the chat
application case study in Chapter @ The method and tool (ESpec) for integrated
checks on testable requirements and specifications is the main contribution of
this thesis. Violations of ML-Contracts is the integrative medium for checking
requirements (the Fit tables) and the specifications. The specific contributions

are detailed in Section

6.1 Method and Tool comparison

Table [6.1] compares the most important methods and tools that support Design
by Contract with respect to the ESpec tool developed in this thesis. The tools

include JML [19], Perfect Developer [20], the KeY tool [2], and Spec# [9]. These
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ESpec JML Perfect Spec# | KeY
Developer
Testable v X x X x
Requirements (Fit
framework)
Testable v v X X X
Specifications (ML- (Model (Perfect (OCL)
(executable Contracts) | Variables) | Language)
mathematical
models)
System Correctness v x x X x
(integrated testing
of requirements and
specifications)

Table 6.1: Tool comparison in terms of three main characteristics

tools were designed to deal with the mechanical Verification of Specifications
(not Requirements Validation) as shown in the table. All the tools (other than
Spec#) use immutable mathematical models, but these mathematical models are
not always executable. The advantage of executable mathematical models is that
they can be used for runtime assertion checking in addition to formal verification
using theorem proving techniques.

Each of these tools has advantages (and disadvantages) not shared by the
other tools. Table [6.2] compares the tools (including ESpec) with respect to im-
portant features. We provide below more detailed comparisons including a brief
overview of these tools.

As described in Chapter 2] the ES-Test component of the ESpec tool allows
the developers to write and verify two kinds of specifications: ML-Contracts
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(i.e., Contracts written in ML) and Scenario Tests.

Scenario Tests provide the facilities for specifying and testing the collabo-
ration between various modules of the system and ML-Contracts provide the
ability describe a precise and complete high-level design specifications of the
system. ES-Test can then execute the Scenario Tests which then have the am-
plifying effect of checking the ML-Contracts, while at the same time checking
that the scenarios satisfy the specifications. Contract failures provide diagnostic
teedback in Fit tables (requirements) as well as in the test report (specifications).

ES-Verity is the component of ESpec that uses theorem proving for verifying
implementation correctness. The ES-Verify component translates Eiffel source
code (annotated with ML-Contracts) into the specification language for the theo-
rem prover and invokes the theorem prover to do the verification. ! The current
version works with a value semantics with ongoing work to extend it to refer-

ence semantics (see Appendix[C).

HES-Verify uses the Perfect Developer theorem prover which is one of the tools used in the
comparison. In Perfect Developer, the software developer writes specifications in the special
Perfect Specification language. The tool then generates Java or C++ executables based on the
specifications. However, the contracts are not executable nor may a debugger be used at the
Perfect language level. ES-Verify uses the theorem proving facilities at the Perfect specification
language level, not the code generating facilities.
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JML

The Java Modeling Language is a behavioral interface specification language for
Java which extends Java with Design by Contract. JML uses some of the ideas
from Eiffel, Larch and the Refinement Calculus [5]. JML is used to specify
the detailed design of Java classes and interfaces by adding contracts to Java
source files. The aim of JML is to provide a specification language that is easy
to use for Java programmers and that is supported by a wide range of tools for
specification typechecking, runtime debugging, static analysis, and verification
.

Like Eiffel, JML uses Java’s expression syntax in assertions so it is easier for
programmers to learn. However, unlike Eiffel, JML specifications must be writ-
ten as comments in the Java source program and are ignored by the Java com-
piler javac. As a result, it is essential to use external JML tools (e.g., the JML
syntax checker jml or the JML runtime assertion checker jmlc) to parse and de-
bug the JML code.

In addition to supporting the Eiffel-style Design by Contract (such as pre-
condition, postcondition and class invariants), JML introduces new keywords
such as “signals” and “assignable”. The “signals” keyword introduces the idea

of exceptional postconditions, which allows JML developers to specify program
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behaviour in the case of exceptions.

The “assignable” keyword specifies the frame conditions. Frame conditions
describe the properties that remain unchanged after a feature call. Frame condi-
tions are essential for verification of code using the theorem provers. Although
native Eiffel does not provide the capability to directly define such frame con-
ditions, ESpec allows definition of frame constraints for the purpose of formal
verification. We use the pd_modify declaration in the Eiffel code with its string
argument passed as a list of attributes that the Eiffel feature may change.

A similarity between JML and ESpec is that both come with executable li-
braries that provide types that can be used for describing the specification math-
ematically. These (ML) libraries include such concepts as sets, lists, maps, se-
quences, and relations. They are similar to libraries of mathematical concepts
found in VDM [58], Z [83], or OCL [88]], with the difference that they are exe-
cutable.

JML provides Model Variables which play the role of abstract values for ab-
stract data types allowing the developer to hide implementation details. The
Eiffel language does not directly provide model declarations at the language
level that guarantees side-effect free functions. However, the command-query
separation rule is used instead to ensure that all queries may be used in contracts

without affecting the state. Such an approach relies on the goodwill of program-
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mers. However, ES-Verify can check that the resulting query implementations
are indeed pure.

In JML, unit tests can be written and executed in Java’s unit testing frame-
work JUnit ; however, in order to get the contracts working, the JML code
needs to be compiled using the JML compiler jmlc. Currently, JUnit and jmlc
can be used together in the Eclipse IDE. The combination of JUnit and jmlc work
like ES-Test. If during the execution of a unit test any contract violation is gener-
ated, it is reported in the Eclipse GUI (as assertion violations).

Another tool for unit testing of JML code is introduced in [23], called JMLU-
nit, which uses a JML runtime assertion checker to decide whether methods are
working correctly, thus automating the writing of unit test oracles. These ora-
cles can then be combined with hand-written test data. This tool is very similar
to the random testing tool for Eiffel called AutoTest [25]. AutoTest allows the
user to generate, compile and run tests on the push of a button and seamlessly
integrates with existing manual unit tests. AutoTest relies on the contracts in
the Eiffel code: it interprets contract violations as bugs. The research version of
the ESpec tool include AutoTest as part of the package and is currently at the
experimental stage.

For performing formal verification in JML, a number of third-party tools are

available. Perhaps the most popular is the Extended Static Checker for Java (ES-
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C/Java), and the later version ESC/Java2 [28]. ESC/Java2 is a programming tool
that attempts to find common run-time errors in JML-annotated Java programs
by static analysis of the program code and its formal annotations. ESC/Java2 is
written with Java 1.4 and only runs on a Java 1.4 virtual machine; so new features
offered by Java 1.5 (e.g., genericity) are not yet supported.

ESC/Java2 does not use models for the purpose of verification and only
parses them, whereas ESpec’s formal verification tool, ES-Verify, directly trans-
lates and verifies mathematical models included in the Eiffel code. These models
not only provide a higher level abstractions than normal contracts, but also help
to simplify the verification process.

ESC/Java2 uses the Simplify theorem prover for static verification of JML
code [32]. Simplify works with integers and booleans primitive data types but
not reals, characters and strings. By contrast, ESpec’s theorem prover supports
booleans, integers, reals, characters and strings.

ESC/Java2 provide precise feedback as to where errors occur. By contrast,
the ESpec tool does not yet provide such precise feedback; however, the out-
put HTML file produced by the theorem prover goes some way to providing
feedback. The line number in the HTML points to the Eiffel feature having the
same name or assertion tag, so that it is relatively easy to track back to where the

problem was.
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A number of other tools that help the verification process are available for
JML (see [19] for an overview on JML tools). The LOOP/PVS tool is the most
ambitious project to date for verifying Java code based on JML specifications.

The authors of describe the project as follows:

Currently, the LOOP tool and ESC/Java 2 probably cover the largest
subset of Java, and the LOOP tool probably supports the most com-
plicated specification language.

One distinguishing feature of the LOOP project is that it uses a shal-
low embedding of Java in [the theorem prover] PVS. This has both
advantages and disadvantages.

An advantage is that is has allowed us to give a completely formal
proof of the soundness of all the programming logic we use, inside
the theorem prover PVS ... A disadvantage of the use of a shallow
embedding is that much of the reasoning takes places at the semantic
level, rather than the syntactical level, which means that during the
proof we have an uglier and, at least initially, less familiar syntax to
deal with. Using the LOOP tool and PVS to verify programs requires
a high level of expertise in the use of PVS, and an understanding of
the way the semantics of Java and JML has been defined.

A difference between LOOP and many of the others approaches ... [is
that] the LOOP tool produces a single, big, proof obligation in PVS
for every method, and then relies on the capabilities of PVS to reduce
this proof obligation into ever smaller ones which we can ultimately
prove. Most of the other tools already split up the proof obligation for
a single method into smaller chunks (verification conditions) before
feeding them to the theorem prover, for instance by using wp-calculi.
A drawback of the LOOP approach is that the capabilities of theorem
prover become a bottleneck sooner than in the other approaches.

Theorem proving tools are generally quite complex (a remark that applies
equally to ES-Verify). The authors of [50] write as follows about the problems of

integrating the various tools for JML.
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... we describe our findings after integrating several tools based upon
the Java Modeling Language (JML), a specification language used to
annotate Java programs. The tools we consider are Daikon, ESC/-
Java, JML runtime assertion checker, and LOOP/PVS tool. The first
one generates specifications; the others are used to verify them. We
tind that for the first three it is worthwhile to combine them because
this is relatively easy and it improves the specifications. Combin-
ing Daikon and the LOOP /PVS tool directly works in theory, but in
practice it only works if the test suite is very good and hence it is not
advisable...

Perfect Developer

Perfect Developer is a tool with a formal specification language (the Perfect
Language), a compiler for parsing the language, a theorem prover for verifying
that implementations satisfy specifications and a code generator that transforms
Perfect specifications to executable code (e.g. in Java). We use the abbreviation
PD (Perfect Developer) to refer (somewhat imprecisely) to the method and any
of its tools.

More precisely, it [PD] is a specification language with an imple-

mentable subset identified as its programming language. The ver-

ifier is a custom-built theorem prover that collects and attempts to

discharge proof obligations for the software it is presented with. The

compiler accepts code written in the programming language and com-

piles it into equivalent Java, C++ or Ada95 code. Third party editors

and UML modeling tools can be integrated into PD [20].

What is the motivation for PD? Currently industries use Programming languages

(e.g. C++, Ada, Java) and, to a much lesser extent, Specification languages (e.g.
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Z, VDM and B). These Programming and Specification languages are very dif-
ferent from each other, and it is often hard to relate a specification written in Z
or VDM to a program written in a programming language. Also, the syntax of
current specification languages is highly mathematical and difficult for program-
mers to learn. PD was designed to express both specifications and implementa-
tions of object-oriented software systems in a syntax familiar to programmers
instead of the more mathematically inclined notations of Z and VDM. PD ex-
pressions, while being closer to programming notations, are nevertheless fully
mathematical.

The PD specification language has the capability to deal with real numbers,
characters, and strings in addition to the integer and boolean primitives. The PD
specification language also has a mathematical library of generic sequences, sets,
bags and maps, as well as predicate logic quantification [35].12

A limitation of PD is that it discourages reference semantics [30]. It is well-
known that the presence of multiple references to a common object causes alias-
ing and makes sound and complete static verification problematic. Therefore,
PD, unlike say Java and Eiffel, adopts a value semantics by default. In PD, if a

reference semantics is adopted, then, roughly speaking, a heap declaration, e.g.

12The ESpec mathematical model library (ML) is translated into the PD specification language
so that PD’s theorem prover can be used to verify Eiffel code. See Appendix [ for more on the
ES-Verify component.
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heap MyHeap, would be required. Escher Technologies Ltd. is in the process of
developing better handling of a reference semantics.'®

The theoretical foundations of PD are Floyd-Hoare logic and Dijkstra’s weak-
est precondition calculus and it has the power of first-order predicate calculus,
as well as a few higher-order constructs [29]. The prover generates verification
conditions and aims for verifying the total correctness (termination and refine-
ment satisfying specification) of the input code. It delivers either a proof, upon
success in discharging all verification conditions, or otherwise a list of warnings,
possibly accompanied by useful fix suggestions. Output from the prover can be
in formats such as HTML or Tex. From an academic point of view, there is a lack
of information about the inner workings of the PD theorem prover (as opposed
to an interactive theorem-proving system such as Isabelle [17]). Ideally, the logical
rules used in correctness proofs should be open for inspection so that indepen-
dent trust can be established. However, the PD theorem prover does provide the
complete proof, and thus the product is robust and suitable for engineering use
[36].

PD-generated code (e.g. Java) is typically much longer and more complex

than the original contract-based specification and is not intended to be read.

13Despite these limitations, we have adopted PD for automated deduction in our ES-Verify
tool, and we are in the process of constructing a library of base Eiffel classes with a value seman-
tics (see Appendix[C) using the Eiffel expanded construct. As a future goal we have to expand
our tool to handle verification of reference aliasing and inheritance.
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The PD approach is useful if there is never a need to deal with the generated
code. However, Perfect specifications are neither directly executable nor is there
a debugger at the model level. The PD tool provides a basic GUI for doing the
verification of the specification but does not integrate unit testing or run-time

assertion checking into the tool.

Spec#

The Spec# programming language [8] is an extension (superset) of the Java-like
object-oriented language C# with the addition of Design by Contract. It extends
the type system to include non-null types and checked exceptions. Many errors
in modern programs manifest themselves as null-dereference errors, suggesting
the importance of a programming language providing the ability to discriminate
between expressions that may evaluate to null and those that are not null [9].
This feature is not yet implemented in Eiffel, but it is in the new Eiffel ECMA
specification [34].

Similar to Eiffel, the Spec# compiler is fully integrated into the VS.NET IDE
(i.e., Visual Studio for the .NET platform), so there is no need for external tool
support for compiling the source code (unlike JML). Contracts are written di-
rectly in the code (not in the form of comments) and are parsed and type checked
by the Spec# compiler.
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The Spec# compiler differs from Eiffel compiler in that it does not only pro-
duce executable code from a program written in the Spec# language, but also
preserves all specifications into a language-independent format. Having the
specifications available as a separate, compiled unit means program analysis and
verification tools can consume the specifications without the need to either mod-
ify the Spec# compiler or to write a new source-language compiler [9].

Similar to JML and unlike Eiffel, Spec# supports exceptional postconditions
which specify behaviour of the method when exceptions are thrown. Spec# al-
lows a throws declaration to be combined with a postcondition that takes effect
in the event that the exception is thrown.

Spec# supports a more sophisticated version of frame conditions than JML
or ESpec. Method contracts can include modifies clauses, which restrict which
pieces of the program state a method implementation is allowed to modify. Spec#
also supports wildcards to specify entities for the modify clause (see [7]), which
additionally address the problem of specifying the modification of state in sub-
classes.

Eiffel does not deal with the invariant problem introduced when re-entering a
method (see [7]); however, Spec# makes it explicit when an object is in its steady
state versus when it is exposed, which means the object is vulnerable to modifi-

cations. It introduces a block statement expose that explicitly indicates when an
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object’s invariant may temporarily be broken.

The Spec# compiler statically enforces non-null types, emits run-time checks
for method contracts and invariants. To exercise the contracts, the developer
can use any of the testing tools available for .NET. NUnit is the unit testing
framework that has the majority of the market share. It was one of the first
unit testing frameworks for the .NET platform. NUnit tests can be run several
different ways. Like ES-Test, NUnit can be executed in from the GUI application
or from the console’s application or can be used as an integral part of VS.NET
IDE as well.

Visual Studio Team System (VSTS) is another testing platform from Mi-
crosoft, with unit testing as one of its testing types. VSTS supports other testing,
such as functional and load testing. VSTS enjoys a close relationship with the
VS.NET IDE. The IDE allows the developers to use a wizard to generate the unit
tests from the code. VSTS includes TestManager, which is a GUI to allow the de-
veloper to select tests to run and to see the results of those tests. TestManager
is similar to ES-Test with respect to regression testing. It helps to run all unit
tests at once, or user can select which tests to run. Like ES-Test, VSTS supports
debugging unit tests in the IDE, so that it’s possible to set breakpoints and start
debug run via unit test.

In terms of formal verification, Spec# provides a static program verifier. This
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component is fully integrated into VS.NET IDE and is called Boogie [6]. Boo-
gie generates logical verification conditions from a Spec# program. Internally,
it uses the simplify automatic theorem prover similar to ESC/Java2. Boogie has
better capabilities than PD (and thus ES-Verify) with respect to references and
aliasing. Boogie currently has some limitations (in contrast to ES-Verify). It does
not support methods in contracts, quantifiers in loop invariants, genericity, real
numbers, and loop variants. These limitations are likely to disappear over time.
Perhaps the main difference between Spec# and ES-Verify is that Spec# does not
yet support high-level mathematical libraries (ML) for describing program prop-

erties neither in run-time assertion checking nor in program verification.

KeY

KeY [2] is a GUI based tool that provides facilities for formal specification and
verification of programs within a commercial platform for UML based software
development. Like ESpec, KeY aims at integrating formal specification and ver-
ification of software into the software development process.

The target language of KeY tool is Java Card [22]. Java Card is a proper subset
of Java, excluding certain features (like threads, cloning or dynamic class load-
ing) and with a much reduced API. KeY allows the developer to use a combina-
tion of graphical UML diagrams [63], OCL specifications (or alternatively,
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ESpec | IML | Perfect | Spec# | KeY
Developer

Support for Design by Contract v v v v v
Executable contracts v v X v X
Debugging contracts v X x v X
Command line execution v v v v x
Support for mathematical models v v v % X
Executable mathematical models v v X X X
IDE integration X v X v v
Fully automatic theorem prover v v v v X
Verification of mathematical v X v X X
contracts and frame conditions
Verification of genericity v x v x X
Verification of real numbers support v X v X X
Verification of inheritance X v v v v
Verification of aliasing X X X v v
Exceptional post condition % v % v v
Precise theorem prover feedback to X v v v X
the source code in an integrated GUI
Seamless integration of Unit testing v X X X X
and theorem proving

Table 6.2: Summary of comparisons

JML) to write the specification for the Java Card source code. OCL is poorly
understood at this point and is undergoing changes. This makes it difficult to
provide a calculus for reasoning about specifications in OCL. The KeY project

dealt with this problem as follows [2, p10]:

Although possible, there are good arguments against building such a
calculus directly for OCL:

e It is difficult and expensive to develop a theorem prover for a

given formal language. OCL is a big language compared to logic
languages (such as first-order logic) and, in contrast to them,
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proof search in OCL is not well understood. Moreover, OCL
is frequently revised.

e OCL was not designed with proof support in mind, and like
UML it is independent of the implementation language. It does
not know about concrete implementations of datatypes such as
the integers. Before version 2.0, there was no way to specify ini-
tial states of classes. OCL is also not intended to express complex
proof obligations that involve several invariants (see below).

As a consequence, we take a “compilation” approach: OCL expres-
sions are translated into formulae of first-order logic (FOL). OCL com-
pilation circumvents the difficulties outlined above. It also makes
KeY independent from OCL as the sole specification language: re-
cently, JIML emerged as a popular specification language used in many
formal methods projects dealing with JAVA and JAVA CARD [19].
Replacing the OCL to FOL compiler with a JML front end enables
the use of KeY with JML. A further major advantage of translating
OCL and JML into FOL is that we do not need to define a dedicated
formal semantics for these specification languages. Their semantics
is implicitly defined by the translation into FOL, the latter having a
standard semantics that is widely agreed upon. The translation ap-
proach works only if it is natural to represent a specification language
by FOL. Admittedly, this is not the case for “vanilla” FOL as encoun-
tered in logic textbooks. Object types, undefined expressions, and
predefined operators need to be added to the syntax, semantics, and
calculus of FOL in order to allow a natural and adequate translation.
None of these extensions to FOL is new, but surprisingly no tutorial
treatment of this material accessible to non-specialists is available.

The KeY tool has a modeling component that consists of the CASE tool with

extensions for formal specification. In ESpec, the specifications (ML-Contracts)
are an executable part of the programming language and preconditions, postcon-
ditions and class invariants are language constructs. In KeY, OCL or JML speci-

fications are annotations (comments) that are processed by the theorem prover,
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but they are not executable and are not supported by the Java debugger [2].

KeY is able to generate automatically constraints by using design pattern in-
stantiations. For standard formulations predefined instantiations of design pat-
tern exist and can be easily used. On the other hand the user is free to formulate
any valid OCL statement without the assistance of KeY.

In terms of visual modeling, EiffelStudio also provides the similar facility
for the users to model their code using the BON diagrams. However, the
benefit of the KeY tool over EiffelStudio is that it processes the UML diagrams
and integrates them with OCL and JML specifications for the purpose of veri-
tication. KeY translates the UML model, the implementation (Java Card) and
the specification (OCL, JML) into Java Card Dynamic Logic proof obliga-
tions which are passed to the deduction component. Java Card Dynamic Logic
is a program logic used by the KeY prover (deduction component). The deduc-
tion component is used to construct proofs for the generated Java Card Dynamic
Logic proof obligations.

Unlike ES-Verify, the KeY prover is not fully automatic. The KeY prover is an
interactive verification system combined with powerful automated deduction

techniques. However, as stated in [37]:

Java, UML, OCL, and CASE tools are familiar to software engineers
and students alike, which helps in getting started. Nevertheless, KeY
cannot be recommended for such target groups at present: the in-
teractive prover and its interaction with the user are in their infancy
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and are inadequate for serious use. Moreover, OCL is not expres-
sive enough to specify complex program behaviour. Considering that
KeY is still in alpha stage, it seems to be worthwhile to reevaluate the
system in a few years in order to see whether it lives up to expecta-
tions

It is undoubtedly the case that while KeY is relatively new and underdevel-
oped, it will in future become a serious verification tool given the research effort
in place [2].

For a summary of comparison between ESpec and the various tools men-

tioned above see Table
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7 Future Work and Conclusions

7.1 Future work

ESpec is an on going project at the Software Engineering Lab at York University.
It has been used in the Software Design course at York University since its first
release in the Winter of 2005. ESpec is maintained under the GPL licence for
public download (see http://www.cse.yorku.ca/~sel/espec/).

As we showed in Table[6.2] ESpec does not precisely report the location of the
theorem proving error in the source code. In our future project we are planing to
improve this error reporting. Also there is an ongoing project to integrate ESpec
tools directly into the Eiffel Studio IDE. During this experimental project, ES-
Test component was successfully integrated into the IDE. This will allow Eiffel
programmers to access ESpec tools directly from their working environment. We
are also fully integrating the AutoTest tool into our ESpec.

Currently, working with the model libraries needs precise user interaction

when debugging facilities are needed. Model libraries are very hard to debug
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especially when there is a contract violation. There is a need to develop ad-
vanced debugging tools specially fine tuned for these models. Finally, the goal is
to support concurrent contracting via the SCOOP mechanism. This is an active

and challenging area of current research [71].

7.2 Conclusions

In this thesis, we differentiated the customer requirements (in the problem domain)
from design specifications (in the solution space). The design specifications are
the artifact intermediate between implemented code and the customer require-
ments.

We argued that the customer requirements and design specifications should
be testable and testable early in the design cycle leading to early detection of re-
quirement and specification errors. We described a method (and the ESpec tool)
for early requirement and specification descriptions and testing and showed
how this technique allows us to detect bugs in both implementation and specifi-
cation of the software product.

The core idea behind early testable requirements was that the problem is de-
scribed before we search for a solution and the problem description drives the
design.

We followed the single model principle, i.e., design specifications written us-
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ing expressive mathematical models such as sets, bags, sequences and maps are
contracts that are integrated into the program text itself. These tightly integrated
specifications allowed us to detect inconsistencies between code, specifications
and requirements as early as possible and during the lifetime of the code.

We described the customer requirements using Fit tables and specification
violations (where they occur) were indicated in these Fit tables. We showed that
the method does not depend on a particular code development methodology
(e.g., Agile vs. Conventional) and whatever development methodology is pre-

ferred can be used.
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A Appendix: Introduction to Eiffel

A.1 Eiffel

The tool support for this thesis is implemented in Eiffel language [67]. The lan-
guage targeted by the tool is also Fiffel. For this reason, the following gives a
brief overview of the language. FEiffel is a pure object oriented programming
language. The main features of the language are: Static type system, Multiple
inheritance, Constrained genericity and Design by Contract (DbC).
Fig.[A.Ilshows the Eiffel version of the Hello World example. The only class
in this example is HELLO_WORLD. This class has only one feature: the procedure
make. The implementation of this procedure prints the string Hello world!. In
Eiffel, every class implicitly or explicitly inherits from the class ANY. The routine
print is defined in class ANY for convenience reasons. The procedure make is also
marked to be a creation procedure. Since it has no arguments it can serve as the
program entry point. For more information about Eiffel programming language

please refer to [67].
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class
HELLO_WORLD
create
make
feature
make
do
print ("Hello World!")
end
end —- class HELLO_WORLD

Figure A.1: “"Hello World” program in Eiffel language

A.1.1 Eiffel Terminology

Eiffel has its own naming convention which often diverges from the conventions
used in languages such as C++, Java or C#. Throughout this thesis, we use the
Eiffel naming convention. A terminology-mapping from Fiffel to C++ is
provided in Table[AT] This table is based on the mapping from [57] and shows

the entries relevant for this thesis.

A.1.2 Eiffel Agents

Agents are the key Eiffel technology used in this thesis. Agents are objects that
represent operations; they are effectively closures from functional programming.
Agents can be passed to different software elements, which can use the object
to execute the operation whenever they want. Agents thus provide a way of

separating the definition of a routine from its execution. Agents are also a wa
P g & y
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of combining high-level functions (operations acting on other operations) with
static typing in Eiffel. The following is a simple example of an agent using Eiffel’s
GUlI library EiffelVision. Suppose you want to add the routine eval_state to the
list of event handlers that will be executed when a mouse click occurs on the
widget my_button. To carry this out, we could execute Eiffel statement shown in

agent expression [ATt

my_button.click actions.extend(agent eval_state) (A1)

The operation being added to the button is indicated by the agent keyword.
The keyword distinguishes an operation call to eval_state from a binding of
the operation to the button. In general, the argument to extend can be any agent
expression. An agent expression will include an operation plus any context that
the operation may need (e.g., arguments). Predicate agents are of significant use.
These agents apply boolean-valued operations to collections. For example, agent
expression applies the boolean-valued function is_positive to elements of
the integer list intlist, and conjoins together the result. The question mark
? indicates an open argument that is provided by iterating through the range
arguments provided, i.e., it indicates an arbitrary element of intlist. In[A.3] the

boolean-valued function perfect_cube is applied to each element of the integer
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list intlist and the final result is the disjoins of all the results.

intlist.for_all (agent is_positive(?)) (A.2)

intlist.there_exists(agent perfect_cube(?)) (A.3)
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Eiffel C++
ancestor class superclass
class class

object object

child class derived class
parent class base class

deferred feature

pure virtual function

deferred class

abstract base class

generic class template
feature function
function virtual function
once function n/a
descendent class subclass
precursor super()
attribute data member
creation feature constructor
assertion assertion
require n/a

ensure n/a
invariant n/a

variant n/a

loop invariant n/a

check assert

x is do end virtual void x() { }
x.f (expanded object) | x.f()

x.f (reference object) | x->£()

a=b a==

equal (a,b) a==

create x.make y =new X
Result return
violation exception

Table A.1: Eiffel to C++ terminology mapping
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B Appendix: Chat example source code

B.1 CHAT_SCENARIO1

class CHAT_SCENARIO_1 inherit
ES_ACTION_FIXTURE

create
make

feature
make is

do
bind
bind
bind
bind
bind
bind
bind
bind
bind

("[user]", agent set_user_name)

("Connect [user]", agent connect_user)

("[room]", agent set_room_name)

("[user] adds [room]", agent add_room)

(" [user] makes [room] private", agent user_sets_room_to_private)
("[user list]", agent set_user_list)

("[user] allows [user list] in [room]", agent user_allows_list)
("Total number of users", agent num_server_users)

("Total number of rooms", agent num_server_rooms)

—-— second scenario, move

bind
end

("move [user] to [room]", agent move_user_to_room)

temp_user: STRING

temp_room: STRING

temp_user_list: ARRAY[STRING]

server: CHAT_SERVER
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start (arg: STRING) is
-— initalize the objects
do
if arg.is_equal ("Chat Server") then
create server.make
end
end

set_user_name (a_name: STRING) is
do
temp_user := a_name
end

set_room_name (a_name: STRING) is
do
temp_room := a_name
end

num_server_rooms: INTEGER is
do
Result := server.room_count
end

num_server_users: INTEGER is
do
Result := server.user_count
end

connect_user is
local
a_user: CHAT_USER
do
create a_user.make (temp_user)
server.connect (a_user)
end

add_room is
local
a_room: CHAT_ROOM
a_user: CHAT_USER

do
a_user := server.get_user (temp_user)
a_room := a_user.create_room (temp_room)
a_user.add_room (a_room)

end

set_user_list (input: ARRAY[STRING]) is
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do
temp_user_list := input
end

user_sets_room_to_private is

local
a_user: CHAT_USER

do
a_user := server.get_user (temp_user)
a_user.set_private (temp_room)

end

user_allows_list is

local
a_user: CHAT_USER
i: INTEGER
do
a_user := server.get_user (temp_user)
from
i := temp_user_list.lower
until
i > temp_user_list.upper
loop
a_user.allow_user (temp_user_list.item (i), temp_room)
i:=1+1
end
end

move_user_to_room iSs

local
a_user: CHAT_USER
do
a_user := server.get_user (temp_user)
a_user.enter_room (temp_room)
end
end
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B.2 CHAT_SCENARIO_QUERY'1

class CHAT_SCENARIO_QUERY_1 inherit
ES_ROW_FIXTURE[CHAT_ROOM]

create
make

feature
make is

-— Bining of table headers to agents

do
bind ("Room name", agent get_room_name)
bind ("Owner", agent get_room_owner)
bind ("Occupants", agent get_room_occupants)
bind ("Is public?", agent is_room_public)
bind ("Permitted 1list", agent get_room_allowed_list)

end

get_room_name (a_room: CHAT_ROOM): STRING is
do
Result := a_room.name
end

get_room_owner (a_room: CHAT_ROOM): STRING is
do
Result := a_room.owner.user_name
end

get_room_occupants (a_room: CHAT_ROOM): ARRAY[STRING] is

local
loc: INTEGER
do
from
loc := a_room.occupants.index

a_room.occupants. start
create Result.make (0, -1)

until
a_room.occupants.after

loop
Result.force (a_room.occupants.item.user_name, Result.count)
a_room.occupants.forth

end

a_room.occupants.go_i_th (loc)

end
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get_user_name (a_user: CHAT_USER): STRING is
do
Result := a_user.user_name
end

get_user_room (a_user: CHAT_USER): STRING is
do
Result := a_user.room.name
end

is_room_public (a_room: CHAT_ROOM): BOOLEAN is
do
Result := not a_room.is_private
end

get_room_allowed_list (a_room: CHAT_ROOM): ARRAY[STRING] is
do
Result := a_room.allowed_list
end

query (a_name: STRING): LINKED_LIST [CHAT_ROOM]
-- argument ‘a_name’ is not used in this example
-- LIST will contain ‘Lobby, Technical Support’
local
chat_scenariol: CHAT_SCENARIO_1
chat_server: CHAT_SERVER
do
chat_scenariol 7= connected_to
check chat_scenariol /= Void end

chat_server := chat_scenariol.server
Result 7= chat_server.rooms.deep_twin
end

end
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B.3 CHAT._TEST-1

class CHAT_TEST1 inherit
ES_TEST

create
make

feature —- Add cases

make is
do

add_boolean_case (agent test_server_creation)
add_boolean_case (agent test_user_creation)
add_boolean_case (agent test_set_user_server)
add_boolean_case (agent test_room_creation)
add_boolean_case (agent test_set_room_server)
add_boolean_case (agent user_connects_server)
add_boolean_case (agent test_scenario_1)

add_violation_case (agent conneting_same_user_twice)
add_violation_case (agent connecting_two_users_same_name)
end

feature —- Boolean Cases

test_scenario_1: BOOLEAN is

local
server: CHAT_SERVER
mike, anna: CHAT_USER
mike_room: CHAT_ROOM
users: LIST[CHAT_USER]
rooms: LIST[CHAT_ROOM]

do
—-- create the chat server and check it
create server.make

users = server.users
TOOmMS := Server.rooms
check server.user_count = 1 end
check server.room_count = 1 end

-- create 2 users Mike and Anna and connect them to the server
create mike.make ("Mike")

create anna.make ("Anna")

server.connect (mike)

server.connect (anna)

check server.user_count = 3 and server.room_count = 1 end
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check mike.room = server.lobby and anna.room = server.lobby end
check users.has(mike) and users.has(anna) end

-- Mike creates a room ‘‘Technical Support"
mike_room := mike.create_room ("Technical Support")
mike.add_room (mike_room)

check server.room_count = 2 end

check not mike_room.is_private end

check rooms.has(mike_room) end

-— Mike changes the status of his room to private
mike.set_private ("Technical Support")

check mike_room.is_private end

check not server.is_allowed (anna, "Technical Support") end

-- Mike allows Anna to join the Technical Support room
mike.allow_user ("Anna", "Technical Support")
check server.is_allowed (anna, "Technical Support") end
Result := True

end

test_server_creation: BOOLEAN is
local
chat_server: CHAT_SERVER
Lobby_name, Admin_name: STRING

do
comment ("Create chat server")
Lobby_name := "Lobby"
Admin_name := "Admin"

create chat_server.make

Result := chat_server.is_active

Result := Result and chat_server.rooms.count = 1

Result := Result and chat_server.lobby.name.is_equal (Lobby_name)

Result := Result and chat_server.users.count = 1

Result := Result and (chat_server.admin /= void and
chat_server.admin.user_name.is_equal (Admin_name) and
chat_server.admin.server = chat_server)

Result := Result and chat_server.rooms.has (chat_server.lobby)

Result := Result and chat_server.users.has (chat_server.admin)

Result := Result and chat_server.lobby.occupants.has (chat_server.admin)

Result := Result and chat_server.lobby.owner = chat_server.admin

end

test_user_creation: BOOLEAN is
local
a_user: CHAT_USER
do
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comment ("Create a user")
create a_user.make ("Mike")

Result := a_user.user_name.is_equal ("Mike")

Result := Result and a_user.server = Void

Result := Result and a_user.room = Void

Result := Result and a_user.owned.is_empty
end

test_set_user_server: BOOLEAN is
local
a_user: CHAT_USER
a_server: CHAT_SERVER

do
comment ("Set chat server for a user")

create a_user.make ("Mike")
create a_server.make

Result := a_user.server = Void

a_user.set_server (a_server)

Result := Result and a_user.server = a_server
end

test_room_creation: BOOLEAN is
local
a_user: CHAT_USER
a_room: CHAT_ROOM
do
comment ("Create a room")
create a_user.make ("Mike")

a_room := a_user.create_room ("Mike’s room")
Result := a_room.owner = a_user
Result := Result and a_room.name.is_equal ("Mike’s room")
Result := Result and a_user.owned.has (a_room)
Result := Result and a_room.occupants.is_empty
end

test_set_room_server: BOOLEAN is

local
a_user: CHAT_USER
a_room: CHAT_ROOM
a_server: CHAT_SERVER

do
comment ("Set room server")
create a_user.make ("Mike")
create a_server.make
a_room := a_user.create_room ("A")
Result := a_room.server = Void
a_room.set_server (a_server)
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Result := Result and a_room.server = a_server
end

user_connects_server: BOOLEAN is

—-- user connects to a chat server

local
server: CHAT_SERVER
mike: CHAT_USER

do
comment ("User connects to a chat server")
create server.make
create mike.make ("Mike")
server.connect (mike)

Result := mike.server = server
Result := Result and mike.room = server.lobby
Result := Result and server.users.has (mike)
Result := Result and server.user_count = 2
Result := Result and server.lobby.has_username ("Mike")
Result := Result and server.has_user ("Mike")
end

conneting_same_user_twice is
local
server: CHAT_SERVER
userl: CHAT_USER
do
comment ("conneting same user twice")
create server.make
create userl.make ("userl")
server.connect (useril)
server.connect (useril)
end

connecting_two_users_same_name is

local
server: CHAT_SERVER
userl, user2: CHAT_USER

do
comment ("connecting_two_users_same_name")
create server.make
create userl.make ("userl")
create user2.make ("useril")
server.connect (useril)
server.connect (user2)

end

end
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B4 CHAT.TEST.2

class CHAT_TEST2 inherit
ES_TEST

create
make

feature —- Defining tests

make is
do

add_violation_case_with_tag ("not_already_connected", agent
conneting_same_user_twice)

add_violation_case_with_tag ("user_names_unique", agent
connecting_two_users_same_name)

add_violation_case_with_tag ("user_connected", agent
adding_a_room_without_connecting)

add_violation_case_with_tag ("user_is_owner", agent adding_a_non_owned_room)

add_violation_case_with_tag ("room_is_new", agent adding_an_existing_room)

add_violation_case_with_tag ("room_is_new", agent adding_the_same_room_twice)

add_violation_case_with_tag ("user_not_already_in", agent
entering_a_room_twice)

add_violation_case_with_tag ("user_allowed", agent entering_a_private_room)

add_violation_case_with_tag ("user_allowed", agent switching_rooms_to_private)

add_violation_case_with_tag ("not_already_allowed", agent allowing_owner)

add_violation_case_with_tag ("user_is_owner", agent
making_non_owned_rooms_private)

add_violation_case_with_tag ("user_is_owner", agent
changing_allowed_list_of_non_owned_rooms)

add_violation_case_with_tag ("room_exists", agent removing_a_non_existing_room
)

add_violation_case_with_tag ("user_is_owner", agent removing_a_non_owned_room)

add_violation_case_with_tag ("user_is_owner", agent removing_lobby)

add_violation_case_with_tag ("already_connected", agent
disconnecting_without_being_connected )

end

feature —- Agents

conneting_same_user_twice is
do
comment ("conneting same user twice")
create server.make
create userl.make ("userl")
userl.connect (server)
userl.connect (server)
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end

connecting_two_users_same_name is

do
comment ("connecting_two_users_same_name")
create server.make
create userl.make ("userl")
create user2.make ("userl")
userl.connect (server)
user2.connect (server)

end

adding_a_room_without_connecting is
do
comment ("adding_a_room_without_connecting")
create server.make
create userl.make ("userl")

rooml := userl.create_room ("roomi")
userl.add_room (rooml)
end

adding_a_non_owned_room is

do
comment ("adding_a_non_owned_room")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("rooml")
room2 := user2.create_room ("room2")
userl.connect (server)
user2.connect (server)
userl.add_room (room2)

end

adding_a_room_same_as_username is

do
comment ("adding_a_room_same_as_username")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("rooml")
room2 user2.create_room ("useri")
userl.connect (server)
user2.connect (server)
userl.add_room (rooml)
user2.add_room (room2)

end
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adding_an_existing_room is

do
comment ("adding_an_existing_room_name")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("rooml")
room2 := user2.create_room ("rooml")
userl.connect (server)
user2.connect (server)
userl.add_room (rooml)
user2.add_room (room2)

end

adding_the_same_room_twice is

do
comment ("adding_the_same_room_twice")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("roomil")
userl.connect (server)
user2.connect (server)
userl.add_room (rooml)
userl.add_room (rooml)

end

entering_a_room_twice is

do
comment ("entering_a_room_twice")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("roomil")
room2 user2.create_room ("room2")
userl.connect (server)
user2.connect (server)
userl.add_room (rooml)
user2.add_room (room2)
userl.enter_room (room2.name)
userl.enter_room (room2.name)

end

entering_a_private_room is
do

comment ("entering_a_private_room")
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create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("rooml")
userl.connect (server)
user2.connect (server)
userl.add_room (rooml)
userl.set_private (rooml.name)
userl.enter_room (rooml.name)
user2.enter_room (rooml.name)
end

switching_rooms_to_private is

do
comment ("switching_rooms_to_private")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("rooml")
room2 := user2.create_room ("room2")
userl.connect (server)
user2.connect (server)
userl.add_room (rooml)
user2.add_room (room2)
userl.set_private (rooml.name)
user2.enter_room (room2.name)
user2.enter_room (rooml.name)

end

allowing_owner is

do
comment ("allowing_owner")
create server.make
create userl.make ("userl")
rooml := userl.create_room ("roomil")
userl.connect (server)
userl.add_room (rooml)
userl.set_private (rooml.name)
userl.allow_user (userl.user_name, rooml.name)

end

making_non_owned_rooms_private is
do
comment ("making_non_owned_rooms_private")
create server.make
create userl.make ("userl")
create user2.make ("user2")
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roomi userl.create_room ("roomi")
room?2 user2.create_room ("room2")
userl.connect (server)

user2.connect (server)
userl.add_room (rooml)
user2.add_room (room2)
user2.set_private (rooml.name)

end

changing_allowed_list_of_non_owned_rooms is
do
comment ("changing_ allowed_list_of_non_owned_rooms")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("rooml")

room2 user2.create_room ("room2")

userl.connect (server)

user2.connect (server)

userl.add_room (rooml)

user2.add_room (room2)

user2.allow_user (user2.user_name, rooml.name)
end

removing_a_non_existing_room is

do
comment ("removing_a_non_existing_room")
create server.make
create userl.make ("userl")
create user2.make ("user2")
rooml := userl.create_room ("roomil")
room2 := user2.create_room ("room2")
userl.connect (server)
user2.connect (server)
userl.remove_room (rooml)

end

removing_a_non_owned_roon is
do
comment ("removing_a_non_owned_room")
create server.make
create userl.make ("useril")
create user2.make ("user2")
rooml := userl.create_room ("roomil")
room2 := user2.create_room ("room2")
userl.connect (server)
user2.connect (server)
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userl.add_room (rooml)

user2.add_room (room2)

userl.remove_room (room2)
end

removing_lobby is

do
comment ("removing_lobby")
create server.make
create userl.make ("userl")
userl.connect (server)
userl.remove_room (server.lobby)

end

disconnecting_without_being_connected is

do

comment ("disconnecting_without_being_connected")
create server.make
create userl.make ("userl")
userl.disconnect
end

userl, user2, user3, user4d, user5: CHAT_USER
rooml, room2, room3, room4, room5: CHAT_ROOM
server: CHAT_SERVER

end
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B.5 CHAT_ROOM

class
CHAT_ROOM
create
make

feature {CHAT_SERVER, UNIT_TEST, ES_FIXTURE_UNIT} -- access private

occupants: LIST [CHAT_USER] -- list of occupants in this chat room
owner: CHAT_USER —-—- user who owns the room
server: CHAT_SERVER -— server associated with the room

feature —- access
allowed_list: ARRAY [STRING] -- list of allowed people in the room
is_private: BOOLEAN -- status of the room (public or private)
name: STRING -— name of the room

feature -- Room actions

make (a_name: STRING_8; a_user: CHAT_USER) is
—-- creates a chat room with name ’a_name’
-- and owner ’a_user’
require
a_name_non_void: a_name /= void
a_name_non_empty: not a_name.is_empty
a_user_non_void: a_user /= void

do
name := a_name
occupants := create {LINKED_LIST[CHAT_USER]}.make
owner := a_user

create allowed_list.make (0, -1)

allowed_list.compare_objects

allowed_list.force (a_user.user_name, allowed_list.count)
ensure

name_set: name.is_equal (a_name)

occupants_empty: occupant_model.is_empty

owner_assigned: owner = a_user

allowed_list_created: allowed_list.count = 1
end

feature —- query
has_username (a_name: STRING): BOOLEAN is
—-- returns true if user with ’a_name’ is in this room
require
a_name_non_void: a_name /= Void
local
loc: INTEGER
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do
from
loc := occupants.index
occupants.start
until
occupants.after or Result
loop
if occupants.item.user_name.is_equal (a_name) then
Result := true
else
occupants.forth
end
end

occupants.go_i_th (loc)
ensure

Result = occupant_model.there_exists (agent user_with_name (?, a_name))
end

is_user_allowed (a_user: STRING): BOOLEAN is
-— true if ’a_user’ is allowed

require

a_user_non_void: a_user /= void
do

Result := allowed_list.has (a_user)
end

is_owner (a_user: CHAT_USER): BOOLEAN is
require
a_user_non_void: a_user /= void
do
Result := (a_user = owner)
ensure
result_ok: Result
end

(a_user = owner)

is_allowed (a_user: CHAT_USER): BOOLEAN is
-— true if ’a_user’ is allowed to enter the current room

require
a_user_non_void: a_user /= void
do
Result := not is_private or (is_private and allowed_list.has (a_user.
user_name))
end

is_in_allowed_list (a_user: CHAT_USER): BOOLEAN is
-— true if ’a_user’ is allowed to enter the current room
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require

a_user_non_void: a_user /= void
do

Result := allowed_list.has (a_user.user_name)
end

feature {CHAT_SERVER, UNIT_TEST, ES_FIXTURE_UNIT} -- server access
set_server (a_server: CHAT_SERVER) is
-- set the server
require
a_server_non_void: a_server /= void
do
server := a_server
ensure
server = a_server
end

remove_user (a_user: CHAT_USER) is

-— removes the ’a_user’ from the chat room
require

a_user_non_void: a_user /= void

user_exists: occupant_model.has (a_user)
do

occupants.start

occupants.search (a_user)

occupants.remove

occupants.start
ensure

user_removed: occupant_model.extended_by (a_user) |=| old occupant_model
end

add_user (a_user: CHAT_USER) is
-- adds ’a_user’ to the current room
require
a_user_non_void: a_user /= Void
not_already_in: not occupant_model.has (a_user)
a_user_must_be_allowed: is_allowed (a_user)
do
occupants.force (a_user)
a_user.set_room (Current)
ensure
user_added: occupant_model |=| (old occupant_model).extended_by (a_user)
end

set_allowed_list (list: ARRAY [STRING]) is

require
list_not_void: list /= void
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do
allowed_list := list
allowed_list.compare_objects
ensure
allowed_list = list
end

set_private is
-- set room to be of type private
require
not_already_private: not is_private
do
is_private := true
ensure
is_private
end

set_public is
-- set room to be of type public
require
not_already_private: is_private
do
is_private := false
ensure
not is_private
end

has_user (a_user: CHAT_USER): BOOLEAN is

require

a_user_non_void: a_user /= void
do

Result := occupants.has (a_user)
ensure

result_ok: Result = occupant_model.has (a_user)
end

allow_user (a_user: CHAT_USER) is
-- allow ’a_user’ to access this room
require
a_user_non_void: a_user /= Void
not_already_allowed: not is_in_allowed_list (a_user)
do
allowed_list.force (a_user.user_name, allowed_list.count)
ensure
user_allowed: is_allowed (a_user)
end
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feature {NONE} -- agent

user_with_name (a_user: CHAT_USER; a_name: STRING): BOOLEAN is

’a_user’s name is ’a_name’

-- true if

require
a_user_non_void: a_user /= void
a_name_non_void: a_name /= void

do

Result := a_user.user_name.is_equal (a_name)

ensure
Result = a_user.user_name.is_equal (a_name)

end

must_be_allowed (a_user: CHAT_USER): BOOLEAN is

-— true if ’a_user’ is allowed to enter the current room

require
a_user_non_void: a_user /= void
do
Result := allowed_list.has (a_user.user_name)
end

feature —- Model
occupant_model: ML_SET [CHAT_USER] is

-— model of the occupants in this room
local
loc: INTEGER

do
from
create Result.make
loc := occupants.index
if occupants /= void then
occupants.start
end

until
occupants = void or occupants.after

loop
Result := Result.extended_by (occupants.item)

occupants.forth

end
occupants.go_i_th (loc)

end

invariant
all_users_authorized: is_private implies occupant_model.for_all (agent

must_be_allowed (7))
owner_is_always_allowed: is_allowed (owner)

end
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B.6 CHAT_USER

class CHAT_USER

create
make
feature —- attributes
user_name: STRING -- username (login name) of the current user

feature {CHAT_ROOM, CHAT_SERVER, UNIT_TEST, ES_FIXTURE_UNIT} -- access
room: CHAT_ROOM -- room (location) of the current user
server: CHAT_SERVER -- the server that current user is connected to
owned: LINKED_LIST[CHAT_ROOM] -- list of rooms that is owned by current user

feature -- model
owned_model: ML_SET[CHAT_ROOM] is
-- returns a model representing the list of rooms this user owns
local
loc: INTEGER
do
from
create Result.make
if owned /= Void then

loc := owned.index
owned.start
end
until
owned = Void or owned.after
loop

Result := Result.extended_by (owned.item)
owned.forth
end

if owned /= Void then
owned.go_i_th (loc)
end

end

feature {CHAT_SERVER, UNIT_TEST, ES_FIXTURE_UNIT} -- create / connect user
make (a_user_name: STRING) is
—-- create a chat user with user name ’a_user_name’
require
a_name_non_void: a_user_name /= void
a_name_non_empty: not a_user_name.is_empty

do
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server := Void

room := Void

create owned.make

user_name := a_user_name
ensure

name_is_set: user_name.is_equal (a_user_name)
chat_server_void: server = Void
current_room_void: room = Void
owned_list_created: owned_model.is_empty

end

connect (a_server: CHAT_SERVER) is
—-— user connects to ‘a_server’
-- should not have already connected
-- chat server may accept/reject the user
require
not_already_connected: not is_connected
server_is_active: a_server /= Void and a_server.is_active
do
a_server.connect (Current)

ensure

user_connected: is_connected

owned_model_unchanged: owned_model |=| old owned_model
end

disconnect is
—- disconnect the user from the chat server

require
already_connected: is_connected
do
server.disconnect (Current)
create owned.make -- clear ownerships
server := Void
room := Void
ensure

not_connected: not is_connected
connected_chat_server_void: server = Void
not_in_room: room = Void
server_not_has_user: not (old server).has_user (Current.user_name)
model_empty: owned_model.is_empty

end

feature —- query
is_connected: BOOLEAN is

-- true if user connected to a server

do
if server /= Void then

Result := server.has_user (Current.user_name)
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end
end

is_in_room (a_room: STRING): BOOLEAN is
-— true if user is in room a_room
require
a_room_non_void: a_room /= Void
do
Result := room.name.is_equal (a_room)
ensure
result_correct: Result = room.name.is_equal (a_room)
end

is_room_owned (a_room: STRING): BOOLEAN is
-— true if ’a_room’ is owned by this user

require
a_room_non_void: a_room /= Void
local
loc: INTEGER
do
from
loc := owned.index
owned.start
until
owned.after or Result
loop

if owned.item.name.is_equal (a_room) then
Result := true
end
owned.forth
end
owned.go_i_th (loc)
end

feature {CHAT_SERVER, CHAT_ROOM, UNIT_TEST, ES_FIXTURE_UNIT} -- user actions
set_server (a_server: CHAT_SERVER) is
-- set the current of server to ’a_server’

require
a_server_non_void: a_server /= void
do
server := a_server
ensure
server_set: server = a_server
owned_unchaged: owned_model |=| old owned_model
end
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set_room (a_room: CHAT_ROOM) is
—-- set the current room of this user to be ‘a_room’
require
a_room_non_void: a_room /= Void
a_room_on_server: server.has_room (a_room.name)

do

room := a_room
ensure

room_set: room = a_room

owned_unchaged: owned_model |=| old owned_model
end

create_room (a_name: STRING): CHAT_ROOM is
—-— create a room with name ’a_name’
—-- user becomes the owner of the create room
require
a_name_non_void: a_name /= void
non_empty_a_name: not a_name.is_empty
not_already_owned: not is_room_owned (a_name)
local
a_room: CHAT_ROOM
do
create a_room.make (a_name, Current)
owned.force (a_room)

Result := a_room
ensure
room_create: Result.name.is_equal (a_name)
ownership_added: owned_model |=| (old owned_model).extended_by (Result)

is_allowed_in_room: Result.is_user_allowed (user_name)
end

add_room (a_room: CHAT_ROOM) is
-- add ’a_room’ to the chat server
require
a_room_non_void: a_room /= Void
user_connected: is_connected
user_is_owner: owned.has (a_room)
room_is_new: not server.has_room (a_room.name)

do
server.add_room (a_room, Current)

ensure
room_added: server.ownership_model.domain.has (a_room)
owned_unchaged: owned_model |=| old owned_model

end

remove_room (a_room: CHAT_ROOM) is
-- user removes a room
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require

room_non_void: a_room /= void

user_connected: is_connected

user_is_owner: is_room_owned (a_room.name)
do

server.remove_room (Current, a_room.name)
ensure

not_has_it: not server.has_room (a_room.name)

end

enter_room (a_room: STRING) is

—-- user enters room ’a_room’

require
a_room_non_void: a_room /= Void and not a_room.is_empty
room_exists: server.has_room (a_room)
user_allowed: server.is_allowed (Current, a_room)
user_not_already_in: not room.name.is_equal (a_room)

do
server.enter_room (Current, a_room)

ensure
entered_room: room.name.is_equal (a_room)
owned_unchaged: owned_model |=| old owned_model
end

set_private (a_room: STRING) is
require
a_room_non_void: a_room /= Void and not a_room.is_empty
user_is_owner: is_room_owned (a_room)
room_not_private: not server.is_room_private (a_room)
do
server.set_private (Current, a_room)

ensure
is_private: server.is_room_private (a_room)
owned_unchaged: owned_model |=| old owned_model
end

set_public (a_room: STRING) is
require
a_room_non_void: a_room /= Void and not a_room.is_empty
user_is_owner: is_room_owned (a_room)
room_not_public: server.is_room_private (a_room)
do

server.set_public (Current, a_room)

ensure
is_public: not server.is_room_private (a_room)
owned_unchaged: owned_model |=| old owned_model
end
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allow_user (a_user: STRING; a_room: STRING) is
-— allow ’a_user’ to access ’a_room’
require
a_user_non_void: a_user /= Void and not a_user.is_empty
a_room_non_void: a_room /= Void
user_is_owner: is_room_owned (a_room)

do
server.allow_user (a_user, a_room, Current)

ensure
user_allowed: get_owned_room (a_room).is_user_allowed (a_user)
owned_unchaged: owned_model |=| old owned_model

end

feature {NONE} -- agents

has_room_with_name (a_room: CHAT_ROOM; a_name: STRING): BOOLEAN is
-— true if name of ’a_room’ is equal to ’a_name’
do
Result := a_room.name.is_equal (a_name)
end

get_owned_room (a_room: STRING): CHAT_ROOM is
-— returns the room associated with the a_room
require
a_room_non_void: a_room /= Void
a_room_is_owned: is_room_owned (a_room)
local
loc: INTEGER
found: BOOLEAN

do
from
loc := owned.index
owned.start
until
owned.after or found
loop
if owned.item.name.is_equal (a_room) then
found := true
Result := owned.item
end
owned.forth
end
owned.go_i_th (loc)
end
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server_has_room (a_room: CHAT_ROOM): BOOLEAN is
-— server does not have ’a_room’
do
Result := server.has_room (a_room.name)
end

invariant
user_name_non_void: user_name /= Void
owned_non_void: owned /= Void

end
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B.7 CHAT_SERVER

class CHAT_SERVER create
make

feature {UNIT_TEST, ES_FIXTURE_UNIT} -- access
lobby: CHAT_ROOM -- Lobby room of the server
admin: CHAT_USER -- Administrator user
rooms: LIST[CHAT_ROOM] -- list of Server chatrooms
users: LIST[CHAT_USER] -- list of Server users
Admin_name: STRING is "Admin"
Lobby_name: STRING is "Lobby"

feature {UNIT_TEST, ES_FIXTURE_UNIT} -- creation

make is
do
rooms := create {LINKED_LIST[CHAT_ROOM]}.make
users := create {LINKED_LIST[CHAT_USER]}.make
create admin.make (admin_name) -- create admin user
users.force (admin) -- add it to the server

admin.set_server (Current)
—-- admin creates lobby

lobby := admin.create_room (lobby_name)
lobby.set_server (Current)
rooms.force (lobby) -- admin enters lobby

lobby.occupants.force (admin)
admin.set_room (lobby)

ensure
admin_in_lobby: location_model |=| (old location_model).extended_by (admin,
lobby)
admin_owns_lobby: ownership_model |=| (old ownership_model) .extended_by (

lobby, admin)
room_server_set: lobby.server = Current
admin_server_set: admin.server = Current
admin_name_set: admin.user_name.is_equal (Admin_name)
lobby_name_set: lobby.name.is_equal (Lobby_name)
end

feature —- queries

is_active: BOOLEAN is
-- returns true if server is active

do

Result := rooms.count >= 1
ensure

result_correct: # location_model >= 1
end
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user_count: INTEGER is
-- number of users on the chat server
do
Result := users.count
end

room_count: INTEGER is
-- number of rooms on the chat server
do
Result := rooms.count
end

has_user (a_name: STRING): BOOLEAN is
—-- returns true if chat server has a user with username ’a_name’

require
a_name_non_void: a_name /= Void
local
loc: INTEGER
do
from
loc := users.index —- for consistancy keep the current index
users.start
until
users.after or Result
loop

if users.item.user_name.is_equal (a_name) then
Result := true
end
users.forth
end
users.go_i_th (loc) -- set the index to original
ensure
result_correct: Result = location_model.domain.there_exists (agent
user_with_name (7, a_name))
end

has_room (a_name: STRING): BOOLEAN is
-— returns true if chat server has a room with name ’a_name’

require
a_name_non_void: a_name /= void
local
loc: INTEGER
do
from
loc := rooms.index

rooms.start

251



until
rooms.after or Result
loop
if rooms.item.name.is_equal (a_name) then
Result := true
end
rooms.forth
end
rooms.go_i_th (loc)
ensure
result_correct: Result = ownership_model.domain.there_exists (agent
room_with_name (7, a_name))
end

is_allowed (a_user: CHAT_USER; a_room: STRING): BOOLEAN is
-- 1is ’a_user’ allowed to access ’a_room’?
require
a_room_non_void: a_room /= void and not a_room.is_empty
user_exists: location_model.has_key (a_user)
room_exists: has_room (a_room)

local
the_room: CHAT_ROOM
do
the_room := get_room (a_room)
Result := the_room.is_allowed (a_user)
ensure
result_allowed: get_room (a_room).is_allowed (a_user)
end

is_room_private (a_room: STRING): BOOLEAN is
-— returns true if room is private
require
a_room_non_void: a_room /= void and not a_room.is_empty
room_exists: has_room (a_room)

local
the_room: CHAT_ROOM
do
the_room := get_room (a_room)
Result := the_room.is_private
end

feature {UNIT_TEST, ES_FIXTURE_UNIT} -- queries (private)

get_user (a_name: STRING): CHAT_USER is
-— returns a user with user_name ’a_name’
require
name_non_void: a_name /= Void

252



already_in: has_user (a_name)
local

found: BOOLEAN

loc: INTEGER

do
from
loc := users.index
users.start
until
users.after or found
loop
if (users.item).user_name.is_equal (a_name) then
found := true
Result := users.item
end
users.forth
end
users.go_i_th (loc)
ensure

server_has_it: location_model.has_key (Result)
result_correct: Result.user_name.is_equal (a_name)

locations_un_changed: location_model |=| old location_model
ownership_un_changed: ownership_model |=| old ownership_model
end

get_room (room_name: STRING): CHAT_ROOM is
-— returns a room with name ’a_name’
require
name_non_void_non_empty: room_name /= Void
already_in: has_room (room_name)
local
espec_loop: ESR_COMP[CHAT_ROOM]
loc: INTEGER
do
loc := rooms.index
create espec_loop
Result := (espec_loop.for_list (rooms, agent name_equal(?, ?, room_name)))
[1]
imp_comment("Result = (those i: 1 .. rooms.count yield rooms[i] ~ room_name
"
rooms.go_i_th (loc)
ensure
result_correct: ownership_model.there_exists (agent room_exists (7, Result,
room_name) )
Result.name.is_equal (room_name) and ownership_model.has_key (Result)
comment ("Result.name ~ room_name and Result in ownership_model.domain")
locations_un_changed: location_model |=| old location_model
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ownership_un_changed: ownership_model |=| old ownership_model
end

get_room2 (a_name: STRING): CHAT_ROOM is

-- returns a room with name ’a_name’

require
name_non_void_non_empty: a_name /= void and not a_name.is_empty

already_in: has_room (a_name)

local
found: BOOLEAN

do
from rooms.start

invariant
found implies mSlice (rooms.index).there_exists (agent room_exists (7,

Result, a_name))
not found implies Result = Void

variant
# ownership_model - rooms.index + 1

until rooms.after or found
loop

if (rooms.item).name.is_equal (a_name) then

found := true
Result := rooms.item

end
rooms.forth

end

ensure
result_correct: ownership_model.there_exists (agent room_exists (?, Result,

a_name))
end
feature {NONE} -- Agents

user_with_name (a_user: CHAT_USER; a_name: STRING): BOOLEAN is
’a_user’s name is ’a_name’

-- true if
require
a_user_non_void: a_user /= void
a_name_non_void: a_name /= void
do
Result := a_user.user_name.is_equal (a_name)
ensure

Result = a_user.user_name.is_equal (a_name)
end
room_with_name (a_room: CHAT_ROOM; a_name: STRING_8): BOOLEAN is

-— true if ’a_room’s name is ’a_name’

require

254



a_room_non_void: a_room /= void
a_name_non_void: a_name /= void

do

Result := a_room.name.is_equal (a_name)
ensure

Result = a_room.name.is_equal (a_name)
end

name_equal (r: CHAT_ROOM; i: INTEGER; name: STRING): BOOLEAN is
do

Result := r.name.is_equal (name)
- Result := rooms[i] .name.is_equal(name)
end

mSlice (upto: INTEGER): ML_MAP [CHAT_ROOM, CHAT_USER] is
-— creates a slice of ownership map up to index ’upto’
local
seq_room_users: ML_SEQ [ML_PAIR[CHAT_ROOM, CHAT_USER]]
i: INTEGER
do
from
create Result.make
seq_room_users := ownership_model.to_seq
i:=1
until
i = upto
loop
Result := Result.extended_by_pair (seq_room_users.item (i))
i=1+1
end
end

room_exists (r1: CHAT_ROOM; r2: CHAT_ROOM; name: STRING): BOOLEAN is
do

Result := r1 = r2 and rl.name.is_equal (name)
end

user_name_is_unique (a_user: CHAT_USER): BOOLEAN is
-— username of ’a_user’ is unique

require

a_user_non_void: a_user /= Void
do

Result := not location_model.there_exists (agent same_name (7, a_user))
end

same_name (userl: CHAT_USER; user2: CHAT_USER): BOOLEAN is
-- true if userl /= user2 but userl.user_name.is_equal (user2.user_name)
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do
Result := userl /= user2 and userl.user_name.is_equal (user2.user_name)

end

room_name_is_unique (a_room: CHAT_ROOM): BOOLEAN is
-— room name of ’a_room’ is unique

require
a_room_non_void: a_room /= Void
local
loc: INTEGER
do
from
loc := rooms.index
Result := true
rooms.start
until

rooms.after or not Result

loop
if rooms.item /= a_room and rooms.item.name.is_equal (a_room.name) then

Result := false

end
rooms.forth

end
rooms.go_i_th (loc)

end

comment (s:STRING) :BOOLEAN do Result := true end

imp_comment(s:STRING) do end

feature —- models

location_model: ML_MAP [CHAT_USER, CHAT_ROOM] is
-- model for the chat server
local
loc:INTEGER
do
from
create Result.make
if users /= void then
—-- store cursor’s location

loc := users.index
users.start
end
until
users = void or else users.after
loop

256



Result := Result.extended_by (users.item, users.item.room)
users.forth

end
if users /= Void then -- set the cursor to its original position
users.go_i_th (loc)
end
end

ownership_model: ML_MAP [CHAT_ROOM, CHAT_USER] is
-— maps the rooms to the owners
local
loc: INTEGER
do
from
create Result.make
if rooms /= void then

loc := rooms.index
rooms. start
end
until
rooms = void or else rooms.after
loop
Result := Result.extended_by (rooms.item, rooms.item.owner)
rooms.forth
end
if rooms /= Void then -- set the cursor to its original position
rooms.go_i_th (loc)
end

end

occupants (r: CHAT_ROOM): ML_SET[CHAT_USER] is
-— returns a model of ’r’s occupants

local
loc: INTEGER
do
from
create Result.make
loc := r.occupants.index
r.occupants.start
until
r.occupants.after
loop
Result := Result.extended_by (r.occupants.item)
r.occupants.forth
end

r.occupants.go_i_th (loc)
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end

feature {CHAT_USER, UNIT_TEST, ES_FIXTURE_UNIT} -- Server Actions

connect (a_user: CHAT_USER) is
—-- connect ’a_user’ to chat server if user not already connected
require
user_non_void: a_user /= Void and a_user.user_name /= Void
user_not_connected: not a_user.is_connected
user_name_not_in: not location_model.has_key (a_user)
do
users.force (a_user)
a_user.set_server (Current)
lobby.occupants.force (a_user)
a_user.set_room (lobby)

ensure
user_added: location_model |=| (old location_model).extended_by (a_user,
lobby)
ownership_un_changed: ownership_model |=| old ownership_model

user_connected: a_user.server = Current

user_in_lobby: a_user.room = lobby

lobby_has_user: lobby.occupants.has (a_user)
end

add_room (a_room: CHAT_ROOM; a_user: CHAT_USER) is

-- adds the ’a_room’ to the current server

require
a_room_non_void: a_room /= Void and a_room.name /= Void
a_user_non_void: a_user /= Void and a_user.user_name /= Void
requester_is_owner: a_user.is_room_owned (a_room.name)
has_user: location_model.has_key (a_user)
not_already_in: not ownership_model.has_key (a_room)

do
rooms.force (a_room)
a_room.set_server (Current)

ensure
current_server_set: a_room.server = Current
ownership_model_updated: ownership_model |=| (old ownership_model) .
extended_by (a_room, a_user)
locations_un_changed: location_model |=| old location_model
end

remove_room (a_user: CHAT_USER; a_room: STRING) is
-- remove a room from the server
require
user_non_void: a_user /= void
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a_room_non_void: a_room /= void

room_exists: has_room (a_room)

has_user: location_model.has_key (a_user)

user_is_owner: is_allowed (a_user, a_room)
do

help_remove_room (a_user, get_room (a_room))
end

enter_room (a_user: CHAT_USER; a_room: STRING) is
-— ’a_user’ requests to enter into ’a_room’
require
a_user_non_void: a_user /= void
a_room_non_void: a_room /= void and not a_room.is_empty
room_exists: has_room (a_room)
has_user: location_model.has_key (a_user)
not_already_in: not a_user.is_in_room (a_room)
user_allowed: is_allowed (a_user, a_room)
local
the_room: CHAT_ROOM
--  dummy_user: CHAT_USER
do
the_room := get_room (a_room)
a_user.room.remove_user (a_user)
the_room.add_user (a_user)
-- create dummy_user.make ("Dummy")
--  the_room.add_user (dummy_user)
ensure

user_entered: location_model |=| (old location_model).override (a_user,
get_room (a_room))
ownerships_not_changed: ownership_model |=| old ownership_model
end

set_private (a_user: CHAT_USER; a_room: STRING) is
-— ’a_user’ sets ’a_room’ to private, this removes all unauthorized users
require
user_non_void: a_user /= void
a_room_non_void: a_room /= void and not a_room.is_empty
room_exists: has_room (a_room)
has_user: location_model.has_key (a_user)
user_is_owner: a_user.is_room_owned (a_room)
room_public: not is_room_private (a_room)
local
the_room: CHAT_ROOM
temp_user: CHAT_USER
loc: INTEGER
do
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the_room := get_room (a_room)
-- move all un-authorized users to the lobby

from
loc := the_room.occupants.index
the_room.occupants. start
until
the_room.occupants.after
loop
temp_user := the_room.occupants.item

if not the_room.is_in_allowed_list (temp_user) then
the_room.remove_user (temp_user)
lobby.add_user (temp_user)
else
the_room.occupants.forth
end
end
the_room.set_private
the_room.occupants.go_i_th (loc)
ensure
room_set_to_private: get_room (a_room).is_private
all_unauthorized_move_to_lobby: (old location_model).comp (agent
in_room_not_allowed (7, 7, a_room)).for_all (agent user_room_is_lobby

7, 7))

authorized_in_room: (old location_model).comp (agent in_room_allowed (7, 7,
a_room)) |=| (location_model).comp (agent in_room_allowed (7, 7,
a_room))

others_unchanged: (old location_model).comp (agent not_in_room (?, 7,
a_room)) |=| (location_model.comp (agent not_in_room (7, 7, a_room))).

difference ((old location_model).comp (agent in_room_not_allowed (7, 7,
a_room) ) )
owner_model_unchanged: ownership_model |=| old ownership_model
end

set_public (a_user: CHAT_USER; a_room: STRING) is

-— sets the room to public
require

user_non_void: a_user /= void
a_room_non_void: a_room /= void and not a_room.is_empty
room_exists: has_room (a_room)
has_user: location_model.has_key (a_user)
user_is_owner: a_user.is_room_owned (a_room)
room_private: is_room_private (a_room)

local
the_room: CHAT_ROOM
do
the_room := get_room (a_room)

the_room.set_public
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ensure
room_set_to_public: not get_room (a_room).is_private
end

allow_user (a_user: STRING; a_room: STRING; requester: CHAT_USER) is
-— a ’requester’ requests the server to allow ’a_user’ to access ’a_room’
require
a_user_non_void: a_user /= void
a_room_non_void: a_room /= void and not a_room.is_empty
room_exists: has_room (a_room)
has_user: has_user (a_user)
user_is_owner: requester.is_room_owned (a_room)
local
the_room: CHAT_ROOM
temp_user: CHAT_USER

do

the_room := get_room (a_room)

temp_user:= get_user (a_user)

the_room.allow_user (temp_user)
ensure

user_allowed: is_allowed (get_user(a_user), a_room)
end

disconnect (a_user: CHAT_USER) is

—- disconnects the user to chat server
-- (a) it should remove all rooms belonging to this user
-- (b) move all users from such rooms to lobby

require
user_non_void: a_user /= void
user_in: location_model.has_key (a_user)
user_connected: a_user.is_connected

do
-- close all rooms whose owner is ’a_user’
remove_all_rooms_of (a_user) -- close all rooms with owner ’a_user’
a_user.room.remove_user (a_user)-- remove the user from its current room
users.start -—- remove the user from the server user’s list
users.search (a_user)
users.remove
users.start

ensure
user_disconnected: not a_user.is_connected
no_room_is_owned_by_this_user: not ownership_model.domain.there_exists (

agent room_owned_by (7, a_user))

all_users_in_owned_rooms_moved_to_lobby: true

end

remove_all_rooms_of (a_user: CHAT_USER) is
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-— closes all rooms whose owner is ’a_user’
require
a_user_non_void: a_user /= Void
has_user: location_model.has_key (a_user)
do
from
rooms.start
until
rooms.after
loop
if rooms.item.owner = a_user then
help_remove_room (a_user, rooms.item)
else
rooms.forth
end
end
ensure
rooms_removed: not ownership_model.domain.there_exists (agent room_owned_by
(7?7, a_user))
all_rooms_removed: ownership_model.union (old ownership_model.comp (agent
pairs_affected (?, 7, a_user))) |=| old ownership_model
end

list_room_names (a_user: CHAT_USER): LINKED_LIST[STRING] is
-- a user may list room names of a chat server (lists only show public
rooms)
-— private rooms are shown to allowed list
require
a_user_non_void: a_user /= void
has_user: location_model.has_key (a_user)

local
loc: INTEGER
do
from
loc := rooms.index

rooms.start
create Result.make
until
rooms.after
loop
if (not rooms.item.is_private) or (rooms.item.is_private and rooms.item.
is_allowed (a_user)) then
Result.force (rooms.item.name)
end
rooms.forth
end
rooms.go_i_th (loc)
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end

feature {NONE} -- agents

in_room_not_allowed (a_user: CHAT_USER; a_room: CHAT_ROOM; name: STRING):
BOOLEAN is
do
Result := a_room.name.is_equal (name) and not a_room.is_allowed (a_user)
end

user_room_is_lobby (a_user: CHAT_USER; a_room: CHAT_ROOM): BOOLEAN is
do
Result := a_user.room = lobby
end

not_in_room (a_user: CHAT_USER; a_room: CHAT_ROOM; name: STRING): BOOLEAN is
do
Result := not (a_room.name.is_equal (name))
end

in_room_allowed (a_user: CHAT_USER; a_room: CHAT_ROOM; name: STRING): BOOLEAN
is
do
Result := a_room.name.is_equal (name) and a_room.is_allowed (a_user)
end

room_owned_by (a_room: CHAT_ROOM; a_user: CHAT_USER): BOOLEAN is
-- returns true if room is owned by user
do
Result := a_room.owner = a_user
end

collect_people_in_room (a_user: CHAT_USER; a_room: CHAT_ROOM; other_room:
CHAT_ROOM) : BOOLEAN is
-— returns true if ’a_room’ = ’other_room’
require
a_user_non_void: a_user /= void
a_room_non_void: a_room /= void
other_room_non_void: other_room /= void

do

Result := (a_room = other_room)
ensure

Result = (a_room = other_room)
end

room_associated_user_is_lobby (a_user: CHAT_USER): BOOLEAN is
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-— returns true if ’a_user’s current room is lobby
require

a_user_non_void: a_user /= void
do

Result := a_user.room = lobby

ensure
Result = (a_user.room = lobby)

end

mapping_changed_or_maintained (user: CHAT_USER; room: CHAT_ROOM; a_room:

CHAT_ROOM; ) : BOOLEAN is
-— returns true if desired room’s location in lobby

do
if room = a_room then
Result := (location_model[user] = lobby)
else
Result := (location_model[user] = room)
end
end

pairs_affected (a_room: CHAT_ROOM; a_user: CHAT_USER; owner: CHAT_USER):
BOOLEAN is
-— if a_user = owner
do
Result := a_user = owner
end

feature {NONE} -- agents for the loop

sublist_of_rooms (upto: INTEGER): LINKED_LIST[CHAT_ROOM] is

local
i: INTEGER
pos: INTEGER
do
from
i =
pos := rooms.index
create Result.make
rooms.start
until
i = upto
loop
Result.extend (rooms.item)
rooms.forth
i=1i+1

N~
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end

rooms.go_i_th (pos)
end

sublist_of_users (upto: INTEGER): LINKED_LIST[CHAT_USER] is
local
i: INTEGER
pos: INTEGER
do
from
i:=1
pos := users.index
create Result.make
users.start
until
i = upto
loop
Result.extend (users.item)
users.forth
i=1i+1
end

users.go_i_th (pos)
end

room_with_name_exists (a_room: CHAT_ROOM; a_user: CHAT_USER; room_name: STRING
) : BOOLEAN is

do

Result := a_room.name.is_equal (room_name)
end

forall_rooms (rl1: CHAT_ROOM): BOOLEAN is

do
Result := ownership_model.domain.for_all (agent empty_intersection (rl

» 7))

end

empty_intersection (rl, r2: CHAT_ROOM): BOOLEAN is

do
if r1 /= r2 then
Result := (rl.occupant_model * r2.occupant_model) |=| create {
ML_SET[CHAT_USER] } .make
else
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Result := true
end
end

multi_union (s: ML_SET[CHAT_ROOM]): ML_SET[CHAT_USER] is

local
seq: ML_SEQ[CHAT_ROOM]
do
seq := s.to_seq
if seq.count = 1 then
Result := seq.head.occupant_model.to_set
else
Result := (multi_union (seq.tail.to_set) |++ (seq.head.occupant_model))
.to_set
end
end

feature {NONE} -- helpers

help_remove_room (a_user: CHAT_USER; a_room: CHAT_ROOM) is
-— removes ’a_room’ requested by ’a_user’

do
move_users_from_room_to_lobby (a_room)
rooms.start
rooms.search (a_room)
rooms.remove
ensure
room_removed: ownership_model.extended_by (a_room, a_user) |=| old
ownership_model
no_user_owns_the_removed_room: not user_to_room_model.range_bag.has (a_room
)
The above contract is violated since when removing a room owner remains
unchanged: comment first line out
- label: (old user_to_room_model - user_to_room_model).domain |=| old
user_to_room_model.comp (agent collect_people_in_room (7, 7, a_room)).domain
all_moved_to_lobby: (old location_model.comp (agent collect_people_in_room
(?, 7, a_room)).domain).for_all (agent room_associated_user_is_lobby
“)»
other_remained_the_same: (old location_model).for_all (agent
mapping_changed_or_maintained (7, 7, a_room))
end

move_users_from_room_to_lobby (a_room: CHAT_ROOM) is
-- move all users of the current room to the
-- lobby room
require
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a_room_non_void: a_room /= void
room_exists: ownership_model.has_key (a_room)

local
loc: INTEGER
do
from
loc := users.index
users.start
until
users.after
loop

if users.item.room = a_room then
enter_room (users.item, lobby_name)

end
users.forth
end
users.go_i_th (loc)
ensure
ownership_not_changed: ownership_model |=| old ownership_model

all_moved_to_lobby: (old location_model.comp (agent collect_people_in_room
(?, 7, a_room)).domain).for_all (agent room_associated_user_is_lobby
()

end

switch_user_to_lobby (a_user: CHAT_USER) is
-— moves ’a_user’ from its current room to looby
require
a_user_non_void: a_user /= void
user_not_already_in_lobby: not lobby.has_user (a_user)

do
enter_room (a_user, "Lobby")
ensure
user_in_lobby: lobby.has_user (a_user)
end
invariant
pairwise_disjoint: ownership_model.domain.for_all (agent forall_rooms (7))
coverage: multi_union (ownership_model.domain) |=| location_model.domain
user_names_unique: location_model.domain.for_all (agent user_name_is_unique
()
room_names_unique: ownership_model.domain.for_all (agent room_name_is_unique
)

administrator_non_void: admin /= Void
lobby_non_void: lobby /= Void

end
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C Appendix: ES-Verify

C.1 Introduction

A software product is reliable if it is correct (performs its tasks according to spec-
ification) and robust (reacts appropriately to abnormal conditions). How should
specifications be provided and how do we check that software behaves accord-
ing to its specification? Design by Contract (DbC) is a promising method for an-
swering these questions. A class can be specified via expressive pre-conditions,
post-conditions and class invariants [67].

A variety of object-oriented languages have followed this contracting ap-
proach to software quality such as Eiffel [67], Spec# [8], ]ML tools like ESC/-
Java2 [28,21], and UML/OCL [17]. A “lightweight” formal approach to checking
the correctness of code works by runtime assertion checking, i.e. the contracts
are checked as the code is executed and an exception is raised if there is a contract
violation. However, we would also like to reason formally about the correctness
of programs and to mechanize such process. Automated verification of object-
oriented code has been pursued in systems such as Spec# and JML tools like
ESC/Java2.

ESpec (Eiffel Specification) software quality workbench is a unified environ-
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ment allowing software developers to combine Fit tables (ES-Fit for customer re-
quirements and acceptance tests) with contracts and unit testing tools (ES-Test).
This means that a single integrated tool can be used to specity, develop, test, and
verify the requirements and design of a software product. Formal verification
is a substantial addition to the capabilities of the ESpec toolset, allowing for a
combination of lightweight validation and automated deductive verification.

In this chapter we describe the automated model-based verification for a sig-
nificant subset of Eiffel. The following three components, which together we call

the ES-Verify, are under development as part of the ESpec suite:

¢ An Fiffel Model Library (ML) for specifying the abstract state of a program
without exposing its implementation details. This library is similar to the
model-based specifications as in B [1I] and Z [83], except that it is object-
oriented. ML contains classes such as ML_SEQ, ML_SET, ML_BAG, and ML_MAP.
These classes are both immutable and executable. They are immutable so
that software properties specified in the pre- and post- conditions as well
as the class invariants can be based on them. They are executable so that
contract violations will be reported (if any). This mathematical library is
thus useful for lightweight verification even in the absence of a theorem

prover.

¢ An Fiffel base library (ES_BASE) of data structures (classes such as ESV_ARRAY,
ESV_LIST, ESV_SET, and ESV_TABLE) for the efficient implementation of soft-
ware products. The prefix “ESV” stands for an “ESpec Value” structure,

which is part of the ESpec library (built on top of the Eiffel base library
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via inheritance) for implementing code. These ESV classes apply a value
semantics [30], but for efficiency they are mutable. While class features
are contracted via ML (which are executable but inefficient due to their
mathematical immutability), their bodies are implemented via the ES_BASE
classes (which are mutable and hence efficient, but not as suitable for spec-

ifications as ML ones).

A translator that will convert Eiffel code implemented via ES_BASE and
specified via ML into an equivalence written in a specification language
Perfect [35]. The advantage of this translator is that there is, associated with
the Perfect language, a fully-automated reasoning tool - Perfect Developer
(PD) - that fits well for our source Eiffel code. PD supports object-oriented,
model-driven, and DbC software development as well as its verification
[29]. PD converts its specification (written in the Perfect Language) into
complete verification conditions and attempts to automatically discharge

their proofs.

As stated, ES-Verify uses the PD tools (the Perfect language and its associated

theorem prover). Although we are impressed by the expressiveness and power

of the PD tools, we have not used them in the intended fashion. The intended use

of PD tools is that developers write their specifications in the Perfect Language,

which is then used to automatically generate executable code (e.g. Java or C++).

In this respect, Perfect is akin to model-driven development (MDD) methods.

Perfect also has a notion of refinement that can be used to improve the efficiency

of the generated code.
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We have examined the Java code and found that the generated code - much
longer and more complex than the original contract-based specification - is not
intended to be read. The MDD approach is useful if there is never a need to deal
with the generated code. However, Perfect specifications are neither directly ex-
ecutable nor is there a debugger at the model level. As a result, our preference is
to write code in Eiffel. Eiffel has a mature industrial-strength contracting mech-
anism with a full set of tools such as debuggers, profilers, documentation, and
browsing capabilities. The language is admired for its clear syntax and expres-
sive use of a full range of object-oriented constructs such as multiple inheritance.

Our approach is to write the code in Eiffel and thus retaining the simple but
expressive use of its language constructs. The FEiffel code is then translated into
Perfect using (a) the Perfect refinement constructs for Eiffel feature implemen-
tations and (b) the Perfect contracting mechanism for Eiffel contracts. The FEiffel
model library (ML) was designed in order to avoid mismatches between itself
and the Perfect data structures. Theorem proving program involving genericity
and loops (with their invariants) is a non-trivial task, and this work shows that
model libraries (such as ML) must be designed with the target theorem prover
in mind. In the sequel we will use the abbreviation PD for the combination the

Perfect specification language and its associated theorem prover.

C.2 Models via ML

As explained in [83] with reference to Z, formal specifications use mathematical

notation to describe, in a precise way, the properties which a software product
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MIL_MODEL[G]*

count, infix “#”: INTEGER

is_empty: BOOLEAN

infix “|=|”: BOOLEAN

is_value_equal*, infix “|==|": BOOLEAN

object_comparison: BOOLEAN
compare_objects*, compare_references*

-- equality of items determined by ‘object_comparsion®
-- deep value equality

hold_count* (condition: FUNCTION[ANY, TUPLE[G], BOOLEAN]): INTEGER

Sfor_all (condition: FUNCTION[ANY, TUPLE[G], BOOLEAN]): BOOLEAN

there_exists (condition: FUNCTION[ANY, TUPLE[G], BOOLEAN]): BOOLEAN

/\

-

ML_COLLECTIONJG]*

~

extended_by* (x: G): like Current
has (x: G): BOOLEAN

Sfrom_array (a: ESV_ARRAY[G]): like Current
Sfrom_list (I: ESV_LIST/G]): like Current
from_set (s: ESV_SET[G]): like Current
to_seq: ML_SEQ[G]

to_set: ML _SET[G]

to_bag: ML_BAG/[G]

comprehension (c: FUNCTION[ANY, TUPLE[G], BOOLEAN]): like Current

%

f

ML_SEQ[G]

-

-

ML_MAP[G, H]

appended_by, infix “[>": ML_SEQ[G]
{"ML_COLLECTION.extended_by}
prepended_by, infix “|<”: ML_SEQ[G]
remove (i: INTEGER): ML _SEQ/G]
item alias "[]" (i: INTEGER): G
domain: ML_SET[INTEGER]
head, last: G
front, tail: ML_SEQ[G]
override (i: INTEGER; x: G): ML_SEQ/[G]
qubseqﬁuf, infix “|<<=|" (other: ML_SEQ/[G]): BOOLE@

- N

extended_by, infix “*” (x: G): ML_SET[G]

remove (x: G): ML_SET[G]

union, infix “+” (other: ML_SET[G]): ML_SET[G]

intersection, infix “*” (other: ML_SET[G]): ML_SET[G]

difference, infix “-” (other: ML_SET[G]): ML_SET[G]

is_subset_of, infix “|<<=|" (other: ML_SET[G]): BOOLEAN

is_disjoint_from, infix “|##|” (other: ML_SET[G]): BOOLEAN

override (x, y: G): ML_SET[G]
\@mianiifem (x: G): ML_SET[G] /

-- head = Current[0], tail = Current[count-1]

-- tail is everything except ‘head’

ML_SET/G]

\

has_key (k: G): BOOLEAN
extended_by_pair, infix “*” (p: ML_PAIR[G,H]): ML_MAP[G, H]
extended_by (k: G; v: H): ML_MAP[G, H]
remove (k: G): ML_MAP[G, H]
item alias "[]" (k: G): H
domain: ML_SET[G]
range_bag: ML_BAG[H]
union, infix “+” (other: ML_MAP[G, H]): ML_MAP[G, H]
intersection, infix “*” (other: ML_MAP[G, H]): ML_MAP/G, H]
difference, infix “-” (other: ML_MAP[G, H]): ML_MAP|G, H]
is_disjoint_from, infix “|{##|” (other: ML_MAP[G, H]): BOOLEAN
override (x: G; y: H): ML_MAP[G, H]
from_two_arrays

(k: ESV_ARRAY|G]; v: ESV_ARRAY[H]): ML_MAP[G, H]
Sfrom_two_lists

(k: ESV_LIST[G]; v: ESV_LIST[H]): ML_MAP[G, H]
firom_table (t: ESV_TABLE[G, H]): ML_MAP[G, H]
to_seq: ML_SEQ[ML_PAIR[G, H]]
to_set: ML._SET[ML_PAIR[G, H]]
to_bag: ML_BAG[ML_PAIR[G, H]]

-

K@mﬁhashimble (t: HASH_TABLE[H, G]): like Current

ML_HASH _MAP[G, H->HASHABLE]

Figure C.1: Classes in the Mathematical Library (ML)
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/ STACK[G] \ class STACKIG] feature

item: G put (x: G) is

require count>0 do

ensure Result = model.last imp.force (x, imp.count)
put(x: G) ensure

model |=| old model |> x

ensure model = old model » x
end

remove

require count>0 end
ensure old model = (model ™ old item)
MODEL (b) put feature of STACK
count: INTEGER
model: ML_SEQ[G] class STACK_PROPERTIES[G] feature
ensure Result = { i: INTEGER |0 <i<imp.count » imp[i] ) lifo (s: STACK[G] ; x: G) is
NONE require
imp: ARRAY[G] s /= void
Invariant do

count = #model s.put (x)
s.remove

0 < count < imp.count
\\ P / ensure

s.model |=| old s.model
end

(a) BON Diagram of STACK

end

(c) Stack LIFO property

Figure C.2: STACK [G] modelled by ML_SEQ[G]

must have, without unduly constraining the way in which these properties are
achieved. We may call the mathematical description an abstract model of the sys-
tem under development. The model describes what the system must do without
saying how it is to be done. Models allow questions about what the system does
to be answered confidently, without the need to either disentangle the informa-
tion from a mass of detailed program code, or speculate about the meaning of
phrases in an imprecisely-worded prose description.

In Z, the mathematical models are based on predicate logic and the set theory,
and thus obey a rich collection of mathematical laws which makes it possible
to effectively reason about the way a specified system will behave. But these
models are not oriented towards computer representation.

The model library (ML) described in this chapter encodes predicate logic act-

ing on sets, sequences, bags, and maps (as in Z), but the mathematical theories
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are structured as classes (instantiated to immutable objects needed for mathe-
matical specification) whose features (e.g. V, 3, €, set comprehension, etc.) are
pure functions executable in the object-oriented style. The Eiffel agent mecha-
nism for iteratively applying a supplied expression to a collection is much used.

The classes of ML are shown in Fig. Contracts may be specified using ML
and these contracts are executable. When runtime assertion checking is turned
on, contract violations (if any) are signalled via exceptions, thus indicating an
inconsistency between the implementation and its specification. The complete
specification of a system and its implementation can be provided in the same
compilable and executable Eiffel text (e.g. see class STACK[G] in Fig.[C7). The
immutable ML classes will be inefficient (due to its re-construction of a new ML
object every time a feature such as appended_by is invoked), by comparison to
the mutable classes in the Eiffel or ES base library (such as ARRAY and LIST). But
this is acceptable as contract checking may be turned off in the final delivered
code which will only use the efficient base library for implementation.

As a simple example, consider the BON contract view of a generic stack
as shown in Fig.[CZh. The model of the stack consists of a ML_SEQ[G] (i.e. a se-
quence of items of type G, where G is a generic parameter) and count (the number
of items in the stack). The contracts of all the other features of the stack can be
described in terms of the sequence and count. In the absence of a sequence to
model the stack (i.e. with just the model attribute count), the best post-condition

for the stack push operation put is:

count = old count +1 and item = x (C.1)
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However, such abstract specification is incomplete. For example, an imple-
mentor can satisfy the above specification yet change old values of the stack that
are not at the top. Therefore, we need a frame condition that says the old part of
the stack remains unchanged. By adding a sequence to the model we can now

express the complete contract as:

model = old model » x (C.2)

where » is the appended_by (pure) function of a mathematical sequence that re-
turns a new sequence same as the old one, but with the argument item appended
to the end. Since — (IC1J), there is then no need to write (C.) as it is en-
tailed by the model post-condition. With the full model we can then provide the
complete contracts for the pop operation remove and the query item that returns
the top of the stack. The Eiffel notation follows the BON notation quite closely
as shown in Fig. [C2b. For », we may use either the appended_by function or
alternatively the infix operator |> as shown in class ML_SEQ in Fig.

Model classes such as ML_SEQ hold items that may be stored either by ref-
erence or by value. Eiffel has the expanded construct for constructing a value
semantics. We thus introduce the notion of model equality (infix operator |=|)
which depends on what type of comparison is requested (see ML_MODEL in Fig.[C.1).
The default is that two model sequences (say s1 and s2) are compared for their
stored items via reference equality (i.e. s1 |=| s2iff the two sequences have the
same size and the items stored at each index both refer to the same object). A

specifier may invoke feature compare_objects (see ML_MODEL), in which case the
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items stored at each index will be compared based on how the inherited feature
is_equal (of the actual generic type G) is defined.

With our contracts complete, and even in the absence of implementation de-
tails, we may already begin to validate our specification based only on the model.
For example, the last-in-first-out (LIFO) property of the stack can be specified as
shown in Fig.[C2k. In the absence of implementation, we cannot execute or unit
test the LIFO property. However, with the translator and theorem prover, the
LIFO property will prove with a warning that the body of put and remove must
be refined with an implementation.

We must now refine the specification to an efficient implementation. We
choose mutable structures such as an array or linked list. We may use ARRAY
from the FEiffel base library, or from the ES base library if a value semantics rather
than a reference semantics is desired (i.e. by declaring imp:ESV_ARRAY[G]).

Next, we need to define the abstraction relation between the abstract space in
which the abstract program is written (i.e. model) and the space of the concrete
representation (i.e. imp). This can be accomplished by giving an abstraction
function which maps the concrete variables into the abstract objects which they
represent. We may do this as follows. The body of the query model (a ML_SEQ[G])
for the stack in Fig. could be a loop that iterates through the implementation
array and returns an equivalent sequence with the same elements as the array.
That is, we “lift” the mutable array into a mathematical immutable sequence.

The abstraction function is captured by the post-condition of query model as
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follows:

Result = (i : INTEGER|0 < i < imp.count.impli]) (C.3)

where the angle brackets () stand for sequence comprehension in the same way
that {} stands for set comprehension. For example, {i : INT|0 < i < 2i+
1} = {1,2,3}. Set, bag, sequence or map comprehension presents expressive
notation for abstraction functions and is supported in ML. The Eiffel ML library
uses the agent construct for writing comprehension (see Fig.[C.T). However, for
the post-condition of model we may use one of the pre-defined ML functions
from_array that “lifts” an efficient mutable array to a mathematical sequence.
Function from_array returns a new sequence whose items refer to the same items
as in the array imp between 0 - - - count — 1. So the post-condition (C.3) written in

ML becomes:

Result |=| Result.from array(imp.subarray(0,count-1)) ‘

which asserts that the resulting sequence returned by the model is model-equal
to the implementation array treated as a sequence. The contracts of all other

features remain the same as they are all described in terms of model.

C.2.1 The Birthday Book example

The author of reports that a web-enabled database system, consisting of
35,799 lines of Perfect, generated 9810 proof obligations and proved automati-

cally in 4.5 hours (1.6 seconds per proof) on a modest laptop. We believe that the
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/ BIRTHDAY _BOOK \ class BRITHDAY_BOOK feature

add_birthday (n"NAME; d: DATE) r(iml'mli (n: NAME ; d: DATE): SET[NAME] is
require — model.has_key(n) Q?aiNTEGER
ensure count = old count + 1 and model = (old model) * [n, d] dlo-
find_birthday (nXNAME): DATE create Result.make
require model.has_key(n) from
ensure Result = model[n] and model = old model i := dates.lower
remind (d: DATE): SET[NAME] '"‘:f"a"[} " Result"
ensure {n: NAME | Result.has(n) ® n} = {n € model.domain | model[n] =d e n} r>;n012’lz :hl’en ?s<u= n)ames count
model = old model MODEL i < names.count implies names.valid_index (i)
inv: -- see text
count: INTEGER variant
model: MAP[NAME, DATE] dates.count - i
ensure Result=[i: INTEGER | names.lower < i < names.upper ¢ [names[i], dates[i]] | until
NONE I;:pdales.count
names: ARRAY[NAME] if dates.item (i).is_equal (today) then
dates: ARRAY[DATE] Result.extend (namesli])
Invariant end
count = #model i=i+1

\rﬁnes.coum = dates.count and names.is_unique / end
ensure

model_set.from_set (Result) |=|

(a) BON Diagram of BIRTHDAY BOOK model.comprehension (agent date_matches (?, ?, d)).domain
- end

end

(b) remind feature of BIRTHDAY_BOOK

Figure C.3: Birthday Book

above performance is sustainable for reasonable chunks of code but there is min-
imal refinement and PD does the code generation. However, in our case there is
refinement from high level models to more complex constructs (e.g. loops their
variants and invariants), and thus the demands on PD are much greater. Nev-
ertheless, by means of careful matching between ML and PD data structures as
well as tuning of the translator, we can achieve proofs of the vast majority (if not
all) verification conditions.

The birthday book example nicely illustrates refinement to loops and
more intensive use of ML as shown by the BON diagram in Fig.[C.3a.

The model for the birthday book is a combination of the number of name-
and-date pairs stored (i.e. count) and a ML_MAP[NAME, DATE] (i.e. a set of name-
and-date pairs). Alternatively, this map is a function whose domain is a set of

names and whose range is a bag of dates. The features of the birthday book
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include the ability to add a new pair (e.g. [Peter, (March 1)]), find a birthday
given a name, and a remind function that for a given date d returns the set of
names whose birthday is on d.

The remind function returns a set of names (SET [NAME]) where SET is an ef-
ficient mutable structure from either the Eiffel or ES base library. The birthday
book is implemented as two arrays: one for names and the other for dates. The

post-condition of the remind query is

{n : NAME|Result.has(n) e n} = {n € model.domain|model[n] =d e n} (C.4)

where the right hand side expression means the set of all names, from the do-
main of the model map, whose birthday is on the provided date d. And this
must be equal to the left hand side expression which represents the set of all
names returned by the remind function. The Eiffel notation for the remind func-
tion is shown in Fig.[C.3b. The Eiffel post-condition of the remind query in (C.4)
shown in Fig.

model_set.from_set(Result) |=| model.comprehension(agent date_matches (7, 7, d)
) .domain}

Figure C.4: remind postcondition

The agent function used in the post-condition (and loop invariant) of the remind
query is shown in Fig.

By defining a slice of the model map, according to the current loop counter i
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date_matches (x: NAME; y, date: DATE): BOOLEAN is
do
if y.is_equal (date) then
Result := true
end
end

Figure C.5: remind query

as well as arrays names and dates, as follows:

mSlice(i, names, dates) = ((j : INTEGER|0 < j < i @ [names[j], dates[j]])) (C.5)

we can show that the loop invariant for the remind query has been constructed

to approximate and hence similar to its post-condition:

{n|Result.has(n) en} = {n € mSlice(i, names, dates).domain|model[n] = d e n}
(C.6)
And the equivalent Eiffel loop invariant inv in Fig.[C.3b) is shown in Fig.

model_set.from_set (Result) |=| model.from_two_arrays(names.subarray (0, i-1),
dates.subarray(0, i-1)).comprehension(agent date_matches (7, 7, today)).
domain

Figure C.6: Class invariant
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C.3 The Eiffel to PD Translator
C.3.0.1 Underlying Theorem Prover

Our goal is to automatically verify Eiffel code specified via ML as in the stack and
birthday book examples. The question would be, which theorem prover do we
use? The Perfect Developer (PD) specification language and theorem prover [30]
is a technically mature product that is aligned with the object-orientation and
design by contract paradigms. PD theorem prover has about the same level of
power and automation as Simplify [32] that is used for static verification in Spec#
and ESC/Java2. Simplify handles integers and booleans at the primitive level
while PD has a greater repertoire (e.g. reals, characters, and strings). PD spec-
ification language also has a library of generic sequences, sets, bags, and maps
well-suited to ML [35]. A limitation of PD is that it discourages reference seman-
tics [30]. It is well-known that the presence of multiple references to a common
object causes aliasing and makes sound and complete static verification prob-
lematic. Therefore, PD, unlike say Java and Eiffel, adopts a value semantics by
default and discourages the use of reference semantics 4. Despite these limita-
tions, we have adopted PD for automated deduction in our ES-Verify tool, and
we are in the process of constructing a library of base Eiffel classes with a value
semantics (see Introduction) using the FEiffel expanded construct. As a future

goal we have to expand our tool to handle verification of reference aliasing and

4In PD, if a reference semantics is adopted, then, roughly speaking, a heap declaration, e.g.
heap MyHeap, would be required. Although we have several simple PD examples on basic
aliasing effect, we have not yet experienced much the power of the prover on handling reference
semantics. Escher Technologies Ltd. is in the process of developing a new beta intending to
properly handle the issue.
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inheritance.

The theoretical foundations of PD are Floyd-Hoare logic and Dijkstra’s weak-
est pre-condition calculus and it has the power of first-order predicate calculus,
as well as a few higher-order constructs [29]. The prover generates verification
conditions and aims for verifying the total correctness (termination and refine-
ment satisfying specification) of the input code. It delivers either a proof, upon
success in discharging all verification conditions, or otherwise a list of warnings,
possibly accompanied by useful fix suggestions. Output from the prover can be
in formats such as HTML or Tex. From an academic point of view, there is a lack
of information about the inner workings of the PD theorem prover (as opposed
to an interactive theorem-proving system such as Isabelle [17]). Ideally, the logical
rules used in correctness proofs should be open for inspection so that indepen-
dent trust can be established. However, the PD theorem prover does provide the
complete proof, and thus the product is robust and suitable for engineering use
[36].

Outline of Routine Translation:

As stated, Eiffel commands and queries become PD schemas and functions,
respectively. For an Eiffel command that may modify the current object, frame
constraints are needed. In order to specify frame constraints, PD supports a
change clause!®. For translation into PD, we use in Eiffel specification a pd modify'®

declaration with its string argument passed as a list of attributes that the PD

15The new ECMA specification for Eiffel has a somewhat equivalent only clause.

16 A boolean function that takes as argument a string and always returns true, and thus can al-
ways pass the run-time contract checking. Expression pd_-modify ("*") is an abbreviation mean-
ing all attributes may change.
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schema may change. For an Eiffel command or query, its require clause (for pre-
condition) and ensure clause (for post-condition) appear as equivalent PD pre
and satisfy clauses, respectively. For Eiffel command, its ensure clause (with its
pd_modify declaration) appears as the equivalent PD change and satisfy clauses
under a post declaration. For Eiffel query, it is translated in the same way as it
for a command except there is no pd_modify declaration in its post-condition,
and thus there exists no change list and post declaration for its translation in PD.
Moreover, the Eiffel old notation for the value of expressions in a pre-state is
converted into the equivalent PD primed notation. Finally, the body of an Eiffel

command or query appears as an equivalent PD via ... end refinement segment.

C.4 Conclusion

In this chapter, we have introduced a system where we make use of the math-
ematical but executable ML library and the translator to convert clean and ex-
pressive Eiffel code into PD for automated verification. The translation process
transforms each Fiffel construct into an equivalent PD one so that this one-to-
one relation between Eiffel and PD constructs allows us to assign the semantics
of the PD language to that of Eiffel. Of course such semantics depends upon the
soundness of PD.

When the ES-Verify translator is applied to the Eiffel code for the birthday
book example, the PD theorem prover generates 158 verification conditions which
are all automatically discharged. This includes proof of termination via the loop

variant. We used a value semantics class ESV_ARRAY for the two implementa-
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Gmpot
"ESV_ARRAY.pd", "ML_COLLECTION.pd";

class MY_STACK][G] create

LD 231y

make
class MY_STACK of (G ) "=
feature {ANY} -- public feature declaration abstract
var model: ML_SEQ of (G ),
make is -- constructor count: int;
do invariant count <= #model;
create imp ; count := 0
ensure internal /Irefinement
pd_modify ("*") var imp: ESV_ARRAY of (G );
4 invariant count >= 0 & count <= #imp;
en

function mode/

¥8¢

J09JI9 OJUI [9JJT WIOIJ INOALT UOTje[SUeI],

count: INTEGER A= (fori:: 0 .. <#timp.slice(0, (count-1)-0+1) yield imp.slice(0, (count-1)-0+1)[i]);

!
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

# model =0 and count=0 }
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

item: G_ is function model_verification: ML_SEQ of (G )
Leqwre count >0 A= (fori :: 0 .. <#imp.slice(0, (count-1)-0+1) yield imp.slice(0, (count-1)-0+1)[i])
o via
Result := imp [count - 1] var Result: ML_SEQ of (G ); Result! = ML_SEQ of (G ){} ;
ensure Result = model.last Result! =
end (fori:: 0 .. <#imp.slice(0, (count-1)-0+1) yield imp.slice(0, (count-1)-0+1)[i]);
) value Result;
put(x: G) is end;
do

if imp.is_empty then imp.force (x, 0)
else
if count = imp.count then
imp.grow (imp.count * 2)

interface //public methods
function count;

build {} //constructor equivalent to Eiffel ‘'make’

gnd post
imp.put (x, count) change model, count satisfy #model' = 0 & self'.count = 0
end via imp! = ESV_ARRAY of ( G ){} ; count! = 0 end;
count := count + 1
ensure - schemal! put(x : G)
pd_modify ("*") post
count = old count + 1 and then model |=| (old model |> x) change
end model, count
satisfy

self'.count = count + 1, model' = model.append( x )
imp: ESV_ARRAY[G]

if [imp.empty]: imp! = force @ ESV_ARRAY_HELPER of G (imp, x, 0) ;
feature {ML_MODEL, ANY} -- model feature declaration I

model: ML_SEQIG] is 'if [count = #imp]:

do ) imp! = grow @ ESV_ARRAY_HELPER of G (imp, #imp*2);
create Result.make; Result := Result.from_array(imp.subarray (0, count -1)) [: pass
ensure ) fi ; imp! = put @ ESV_ARRAY_HELPER of G (imp, X, count)
Result |=| Result.from_array (imp.subarray (0, count -1)) fi ; count! = count + 1
end end;
invariant ) function item: G
count >= 0 and then count <= imp.count and then count <= # model pre count > 0 satisfy result = model.last
end via var Result: G ; Result! = imp[count - 1] ; value Result end;

|
| 1
| |
| I
| |
| I
I |
| I
I |
| I
I |
| I
I |
I I
I |
I |
| |
I |
I I
b
feature {(ML_MODEL} -- implementation feature declaration } }
[ via
| |
I I
I I
I |
I I
| |
I I
| I
I I
| |
I |
| |
I |
I I
I I
| I
I I
| |
| I
| |
| |



tion arrays. Preliminary experience with other examples indicates that the vast
majority of verification conditions are quickly and automatically discharged, in-
cluding loop variants and invariants, without any interaction with the user. The
user may add axioms (with the danger of introducing inconsistencies) or asser-
tions to help the theorem prover, but this is mostly unnecessary. Future work
aims to extend the verification to handle the issue of reference aliasing and in-

heritance.
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D Appendix: Screenshots of the ESpec Tool

Ctrl + O

Ctrl + S

Ctrl + P

Ctrl + Q

Ctrl + W

Alt + S

At + M

Alt + Ror F5
Alt + E or F6
Alt + A

Alt + C

F7

F1

Keyboard shortcut Action

Open File

Save File

Print

Exit

Close Current Window

Open ES-Test Settings Window
Open ES-Fit Settings Window
Run ES-Test

Run ES-Fit

ES-Archive

ES-Clean

Freeze

Help

Figure D.1: ESpec shortcuts
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AP ESpec 1.6 Research Edition = =
IFiIe Yiew Edit  Tools ‘Window Help |1 4

|Messages [TestResuts | | 2

= - Run all Specs
======—=——=—-—--- Welcome to e 3 ch Edition ===================

ES-Test

b E
% AutoTest
—TestsResultSummar,
Passed Failed S e e I | \
Violations Total it I Ericiemic

5 6 7

]

The main display of ESpec: (1) Menu bar (2) Window tabs: mes-
sages generated by ESpec is shown in “Messages” tab and test re-
sults are shown in “Test Results” tab, files are open in separate tabs
for editing (3) Editor window: shows the file contents to the user
and allows the user to edit the contents or select the test results (4)
Command buttons: “Run all Specs” button executes all tests (i.e.,
Unit tests, Fit tests and ES-Verify) at the same time. “ES-Test”, “ES-
Fit” and “ES-Verify” buttons only run ES-Test, ES-Fit and ES-Verify
respectively. “Settings” buttons are used for user settings. “Open
html” opens the HTML document selected by the user (user selects
the file on the Editor window) (5) Tests results summary box: shows
a summary of the test results to the user. Passed is the number of
tests (Unit, Fit) that are passed, Failed is the number of tests that
failed (Unit or Fit or verification modules), Violations is the num-
ber of Contract violations that happen during the test (Unit, Fit),
Total is the total number of test cases executed (6) User buttons:
“Freeze” button is used to re-compile the system when user made
some changes to the test case. “Stop” button kills the running pro-
cesses and stops the testing process (7) Progress bar: shows the sta-
tus of the tool

Figure D.2: ESpec main window
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ST ESpec 1.6 Research Edition
File ‘iew/Edit Tools ‘Window Help
Messages 11 Disable ES-Fit Buttons
Disable PD Buttons
Run E5-Test {Alt+R, FS)
Run E5-Fit {Alt+E, F&)
Run ES-Verify

| Run AutaTest

| ES-archive (alt+a)
ES-Clean  (Al+C)

N Fresee  (F7)

Self Test

I [ buration

Comr

ESpec self-test: ESpec provides an option called “Self test” to test
itself. It is recommended that user runs the “Self Test” tool the first
time ESpec is installed. This makes sure that ESpec is installed and
works correctly. To do a self test, select “Self Test” from the “Tools”
menu.

il
fai
g

¥ Espec 1.6 Rosearch Ldmon
Flo VewEdt Toch Windmw Help
Massages Test Rests

ES-Verify

Teats Resutt Summary

Passed [10': Fallea [0 Hide passel tost resulis | [

Vialations|0 Tatal 107 Show selected test cases I Frzeeze [

{100

Self Test result: The result of self test will be shown on ESpec’s
main window. A green bar indicates that ESpec is installed cor-
rectly. Please note: during the first execution of ESpec, a firewall
warning may be generated. User must allow ESpec to access local
sockets by pressing “Allow” or “Unblock”.

Figure D.3: Self test option
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4! ESpec 1.6 Research Edition
File Wiew/Edit Tools ‘Window Help

Openfile  (Ctri+0)
Sawe  (Chl4S)
Save as

Print (CtrP)
Exit (Chrl+Q)

Welcome to

Open File: ESpec allows users to open and edit any text file (e.g.,
*.e files). Select the “Open File” from the File menu and choose the
name of the file.

S ESpec 1k Bdaaich Edithan =
fie Vel Toch Widow el

[T
1 seats
MASTENIC] ey st s
Wl mack_tost oet

Open e T
Lol - T

- + b _loge

Deaxp himis.

Faer_docs

[

1 = ”
[Retioe: g

Flanme  fry_uach etse
Toen = Careel

Panned Falled | ] |

Violat fons Total | rreese |

(1) Editor tab: each file will open in a new editor tab (2) User can
directly edit the file.

37 Eopec 1k Risemich Civtion =T
Fie Venftot Tock wrdie el 1
Messages | Test Fasis

passed [ | Fatlea [ ] |
Violations|  Tetal [ | rrecne]

==
| !
—
=

Done

Figure D.4: Opening a file
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A ESpec 1.6 Research Edition

File WiewfEdit Tools ‘Window Help
Openfile  (Chl4+0) s my_stack_tests.e
Save  (Ctrl+5)
Save as
Print (Ctri+P)
Exit ()

"Root ¢lasgs that bir

class

Save File: Users can directly edit their opened files in the Editor
Window. To save the file, select “Save” from the menu items.

&I ESpec 1.6 Research Edition
Fle ViewfEdt Tools Window Help
Messaues' Test Resulis my_stack_tests.e

hat binds unit te;

A7 Ouestion .
m ’ : -
Y File CAEspec-Fiesearchisample_projectshall_specs testhstackimy_stack_tests.s slready exists 1
.g Do you want to ovenwrite it? _—
: 4 Canicel
4 L E
AutoTest
- TestsResultSummary—————————————
Passed Failed HLOENPHSIES : S | ! | A ¢
Violations Total i =0 HESES | B rieieinie

Close window: After editing a file, user may close the tab by select-
ing “close current window” from the “Window” menu.

W TTopol A e RatoRieh Eain

Fie VBt Took Window Help

Messages | Test Re  Cose cument wndow (Cikew)
Clase o rndans

Figure D.5: Editing, Saving and closing a file
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Qf’ ESpec 1.6 Research Edition

File ViewEdt Tools Window Help

Open file  (Ctr+O) my_stack_tests.e
Save (Ctrl+s)
Save as

Frint (Ctrl+P)
Exit (Ch+)

Print File: To print a file to the printer, select the “print” menu item.

ﬂ’? ESpec 1.6 Research Edition
File View/Edt Tools Window Help
Messages | Test Results my_stack_tests.e I

\é Print

Genersl |

r~ Select Printer

/ ; / -
~wvs |
inheric ;'w = = 3!! 3{’.- a
Auto HP EBrother csh2054 on £sh2054-col Dell a10
Jesklet 6., MFC-210C ... peserver on poserver  Printer A9, -
‘ fR— s "
Status.  Fleady ™ Prittatie  Preferences
Location:
Comment: Find Printer...
- Page Flang

Al Mumber of copies: |1 3: =

© Selection " Currer

@ Pages: 0 I Colate m
1

Enter either a single pags number of a sinale
page range. For xample, 51

Frirt Cancel

Tests Result Summa __l
Passed Failed 1 pas st zesull | |

Violations Total Tity L E | ) e LR

Figure D.6: Printing a File
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AT ESpec 1.6 Research Edition
File View/Edit Tools Window Help
ES-Test Settings  (Alk+5)
ES-Fit Settings  (Alt+M)
E5-Verify Settings
AutoTest Settings
Larger fant (+)
Smaller fant (=)

Setting up the project: Before running the tests, user should setup
the system under test using the settings window. This window can
be opened by choosing the “ES-Test Settings” from the menu items
under “View /Edit” menu bar or alternatively by pressing the “Set-
tings” button under “ES-Test” button.

Ef ESpec 1.6 Research Edition = ‘E‘ |E| @'
Fle View/Edt Toos Window Help &7 Settings
Messages | Test Restitts , !
________ You can change EiffelSpec settings here: Run all Specs
Tioot dectory
[l LI Browse 1
’ Execu &Dle tor run; {0 [
| Li Browse 2
REIER m
| |
- Project ELF e for compilations:
I =l bows
4
[~ Eclean mads
I et oAl [~ Delete Doc [~ Listonl | 5
r~ User mode - - The name of archives folder —{ |- History siee - et
| C y
o 6 |An:h|ves 7 |1u 8- ‘
[ Celect coloun scheme AutoTest
[ TestaResllts " Ask nothing Pearl -9 Aply
Passed Fa |
Violations T Cancel | Restore Defaults Advanced | Fze

Setting options: (1) Root directory: browse to the directory of the
system under test. This directory will be used by ES-Clean and ES-
Archive (optional) (2) Choose the workbench executable file gen-
erated by the compiler (located in EIFGEN folder under W_code).
This file will be executed every time the tool is invoked. (3) A unit
test file can be preset in here for further editing and re-compiling
(optional) (4) Choose the ECF file for the project. This file will be
used for Freezing the system after each change.

Figure D.7: ESpec settings
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- .
&7 ESpec 1.6 Research Edition - . =] =] [EE]
Fle ViewfEdt Took Window Help AP Settings

Messages | Test Res

You can change EiffelSpec settings here: Run all Specs

LI Browse 1
< e []2
- Tests file [code]

| | P

- Fioject ELF e for compilations:
I =~ B
4

| Eclzan mod |

I
i

I et oAl [~ Delete Doc [~ Listonl

= Ueer mode - [ The name of archives folder— | History size =
6 |An:h|ves 7 |1u 8 j ‘ C
[ Select colou scheme:

[ TestaResllts " Ask nothing Pearl -9 Aply
Passed Fa |

Violations iy

* Ak

AutoTest

i}

Cancel | Resiureﬂefallllsl Advanced | P ZE

Setting up the project continued: (5) ES-Clean removes the com-
piler generated files (in EIFGEN folder) and it could be invoked by
pressing the “ES-Clean” command button from the GUI. ES-Clean
has different modes: (a) Quiet (does not show the list of files that
has been deleted), (b) All: removes all automatically generated files
such as Document and Diagram. (c) DeleteDoc: removes the Doc-
ument folder. (d) List only: shows the user the list of files to be
deleted without actually deleting them. (6) User mode: user can dis-
able re-confirmations of ESpec by selecting “Don’t ask”. (7) Name
of the archive folder can be set here. (8) User can change the size of
the history list. (9) Appearance of the ESpec.

Figure D.8: ESpec settings continued
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A ESpec 1.6 Research Edition
File WView/Edit Tools ‘Window Help
Messages | Test Resutts

Tests Result &

Passed Fa
Violations D

RF-' Settings

You can change EiffelSpec settings here:

= \

Root directany:

[cAE spac-Fressachisample_projectshall_specs_testistack

Ewecutahls for rur:

[ishall_spers testistack \EIFGENshstack-testi_cadehatank-test ene ¥ | By ‘

{ Tests file (code] ‘

|mple_praiestsal_specs._testhstackiuni_testshmy_stack_unit_tests.e ¥ | Browse

Fraject ECF file for compilations:

Ispec Hesearchhsample_projectshall_specs_testhstackhstack_test. eclJ Browse

Eclean mode
[I‘ Quiiet @i [~ Delete Do I List oriy ‘
User mode - The name of archives folder History size
G “mchwes T [m j‘
~ Select colowr scheme: ———————————————————
 Ask rothing e =] Apply
oK I Cancel | Restore Defaults Advanced |

=

=

Ez e

= =] =]

L

AutoTest

Running the unit tests: After setting up the project using “Settings
Windows”, it is time to run the unit test. The unit tests can be ex-
ecuted by pressing the “ES-Test” command button on the GUI or

selecting the “Run ES-Test” from the menu item.

G ESpec 1.6 Besearch Edition

Fle Wew/Tdt Tool Wndow felp
Messagoes ||' Domabie F5-FR Butborm
Dessbie P0 Buttons

Foun ES-Test (AR, FS)

Pun E5-FR (AR4E, Fé)
Fun ES-Verfy

R Autolest
E-Archive (AR+4)
ESClesn (AL}
Froese  (FT)
Seff Test

Figure D.9: Run ES-Test
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2" ESpec 1.6 Research Edition =] =

File ViewEdt Tools window Help

Messages TestResults

Run all Specs

Violation Duration Comment

0.061

Tests Result Bumriany

Passed 1; Failed 0 = e e REENE |
Violations |0 Total 1 e CUEL GEEY UREES |

ES-Test in progress: When the “ES-Test” is invoked and is running,
the ESpec status will be changed to “Please Wait”. User can inter-
rupt execution of the tests by pressing the “Stop” button at any time.

A7 ESpec 1.6 Research Edition
File WiewjEdit Tools Window Help
Messages TestResults | my_stack_unit_tests.e

Winlation Comment

Tests Result Summary

et || Failed |0 Hide passed test results I |
Yiolations|0 Total 4 Show selected test cases I Freeze

Figure D.10: ES-Test in progress and results
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B Espec 1.6 Resemen Edition = el &
Fla View[dt Took Window el
Messages Tost Resulls |

rl | seatun

Tirsts sl Summary

Zanmsd 3 Fatled |1 fide passed test zesults | |
Violattons|l Tatal |4 Show selected test cases | Freecze |

Error in the test results: Passed test cases are check marked in green
(tirst column). For convenience the status of each test case (passed
or failed) is reported in the second column. The failed cases (if any)
are marked in red. The type of the contract violation (of any) is
reported in the third column. Forth column shows the duration
of execution of the test case. More information about the viola-
tion is reported to the fifth column; this option is enabled by using
“show_errors” command in the code.

R RS Ratenten Edmen =alea
e VelLd fosk Window Mk

SSSFATLED  Frecondtion viclsted. 0,081

Tists Result Sumenan

vagsed |3 BT T Kide passed tost results |
violations|l Total |4 Show meleoted test cases Freeze |

Selecting test cases: Test cases can be selected (using the control
key + left key of mouse). To view or edit the selected test case, press
the “show selected test cases” button.

Figure D.11: Failed cases and selecting test cases
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A ESpec 1.4 Reseatch Edition

Tieats Mesu Bummary

Fawsadl |3 Failed [T Mide pussed test cesults | |
Viclations|1 Tatal 14 | shene melected test cases | Freere |

Editing the test case: When a test case is selected for editing, ESpec
will open it in a new tab and allows the user to edit and save the

RN,

)
B

Ml fun all Specs

ES-Test

AutoTest

test case directly from ESpec (saving is done as before).

5P ESpec 1,6 Resenrch Cdition
Fie VewEde Toos Wndow Help
Mossages | Tost Results 11 _stack et festss

VR 15 s ndd i s pee Yt s U

assed [7 | patled ’__1 Mide passed test results ] |

vtolatmn-ll Total |4 Shmw selected test cases j Froacrean |

Freezing the system: When there is a change in the system under
test, it must be re-compiled. This can be done from ESpec GUI by
pressing the “Freeze” button (Freeze assumes that the ECF configu-

ration file is already set from the “Settings” Window).

Figure D.12: Editing test cases directly from ESpec and freezing the system
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A7 ESpec 1.6 Research Edition
File View/Edit Tools Window Help

Disable ES-Fit Buttanis
| Disable PD Buttons
Run ES-Test (AlL+R, FS)
Run ES-Fit (AlL+E, F&)
RN ES-Yerify
B Run AutoTest
E5-Archive (Alt+HA)
B EsClean  (al+o)
N Frese (D)

Self Test

Messages

[ ouration

o

ES-Archive for backing up the project: User can archive the cur-
rent project at any time by selecting the “ES-Archive” item from
the “Tools” menu. ES-Archive tool will generate a backup folder
in the current directory which is tagged with the time and date of
this archive. EIFGENs and automatically generated (e.g., Document
and Diagram) directories will not be archived.

T t5p0c 1.6 Revoarch Edition
Fin VewlEd Took  Wedos  Help
BHEER0RE | Test Rusulls |

i
A
g

10

AutoTest

Touts Rgwun Summary
passed |4 railed In Hide passed test results | |
violations|® Total Iq Show selected test vases | Fresza |

ES-Archive results: ES-Archive shows the list of files which were
archived at the end of the process.

Figure D.13: ES-Archive tool
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2P ESpec 1.6 Resvarch Edition
Fie Vew/E Toos Windw Hel
Messapes | Desble ES-FL Bullure
\ Dussble PO Buttons
o E5-Test (R4 15
Toun B5-FE (Al E, FA)
Foun E5-Ferdy
5 Fun futalest
f Li-frchive (ARt+A)
W s e
Fiesar {F7)
Gef Test

z stat

ES-Clean for cleaning auto-generated files: User can remove Fif-
fel’s automatically generated files such as files Diagrams, Documen-
tation and EIFGENs (compiler generated files). It is recommended
that users ES-Clean their projects after number of compilations. ES-
Clean tool can be invoked by selecting “ES-Clean” item from the
“Tools” menu.

5 Espec 1.6 Research Edition o (e (e
Fle Vewfde Tooks Widow belo

~ 5-1-.. o basi -

L e
ll|r [F e —Ep——————y P [ e |

Tokean mede
|-_ﬂ|-| ra T Disdate Dize: I List oy ]

Tusts Resul Summbrny

Passed |[¢ Failed [0 iide passed test results | |
Violat tons |0 Total |4 Show selected test cases | Freeee |

ES-Clean window: (1) User can select which project will be ES-
Cleaned: by default the current project is selected, however ES-
pec allows the user to choose another project. (2) User can se-
lect ES-Clean mode (Quiet: no reports will be generated but files
will be removed, All: EIFGENs, Documents and Diagram files will
be deleted. DeleteDoc: remove the generated documentation files
(files in Document folder), List only: only shows the list of files to-
be-deleted (no files are actually removed). (3) type of files to be
ignored by ES-Clean.

Figure D.14: ES-Clean tool

299




&7 ESpec 1.6 Research Edition
File Wiew/Edk Tocks ‘window Help

ES-Fit Settings
ES-Verify Settings

AutoTest Settings
Larger font (+)
ont (-}

ES-Fit settings: In order to execute the ES-Fit tool, user needs to first
initialize the ES-Fit settings. User can open the settings window by
selecting “ES-Fit Settings” item from the “Tools” menu.

L]

S ¥spac 16 Research Edmisn =
Flo VeniBdt Tock Wirdw e

wy IR
Sunlngs for £S5 phugln m
ES-Fr [EsiEell
ey o |
: i
Erevuabie £5 74 lu 1
[ spoe Pemae b aevgi_pecqmetsal_spmce_imststack \EIFGENs 7] T
2 IS
Tred ool
l| T B [ -]
Use EG it el e et & —
2] e | et | m’
3 L
Run |
T ===
Pasaed |4 [ o I Concel Adanced | e}
¥iclations[0 rotal |4 Shiw melnoted test canne i rrrrrr | :

Setting ES-Fit inputs: (1) Executable ES-Fit file to run: this box is
the project executable file (default is the current executable) (2) In-
put path: is the path of the input HTML requirement document.
User can either select a single HTML or HTM document or a di-
rectory containing many HTML files. (3) Output path: is the path
where output files are generated. By default it is going to be the
same path as the input files.

Figure D.15: ES-Fit settings
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A7 ESpec 1.6 Research Edition
File Wiew/Edt Tools Window Help
Messages TestResults

# Status Violation Dur ation Comnment

AutoTest

Tests Result Summary

Parsad 3 Failed 1 Hide passed test results | : ! |
Violations |0 Total 4 Show selected test cases | 3 O A i A

Done

ES-Fit execution: After setting up the initial settings, user can exe-
cute the Fit tables (specified in the input path) by pressing the “Run”
button in the “ES-Fit settings” window or simply by pressing “ES-
Fit” command button. Similar to ES-Test the ES-Fit results are dis-
played in the main ESpec window. Each table in the HTML input
document is treated as a single case. A table that does not have any
failure (all rows are passed) will be shown as a passed table (with
green checkmark in the first column). A failed table is a table that
has at least one failed row which is marked as red. Tables can be
ignored (in case of a reference table or tables with heading contain-
ing the word “Ignore”) which will be shown in yellow. A detailed
report for each table is generated in the fifth column of the display
in the form of [ p Wrong, q Correct, r Ignored, s Violations ]. where
p, q, v, and s are the number of cells in the table which are failed,
passed, ignored or generated violations respectively.

Figure D.16: ES-Fit execution
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Opening HTML documents: To see the generated HTML (the ES-
Fit result) or the input HTML document, user can select the entry
in the ESpec display corresponding to a Fit table, and press “Open
html” command button.
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Viewing the HTML documents: After pressing the “Open html”
button, the selected Fit document will open in the browser (or ES-
pec’s internal HTML editor—shown in the sequel).

Figure D.17: Opening HTML in ES-Fit

302




F Espec 1 6 Reseanch Edition =
Mo Vewfd Toock Window belp

Teats ResUR Bummary.

. Passed |3 Failed |1 Hide passed test results | |
vml.-u.m;-’ﬂ_ Total fl— shiw woleoted tost casen | rracEs |

Editing HTML documents: User can also directly edit the input
HTML document from the ESpec tool by selecting the Fit table entry
and pressing the “Edit html” button.
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Editing in FrontPage: After pressing the “Edit html” button, the se-
lected Fit document will open in the FrontPage (or ESpec’s internal
HTML editor—shown in the sequel).

Figure D.18: Editing HTML in ES-Fit
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ES-Fit advanced settings: Depending on the user preference, any
HTML editor tool can be used for opening/viewing HTML docu-
ments. ESpec’s internal table editor can also be used if desired. In
order to changed these settings, press the “Advanced” button in the
“ES-Fit settings” window.
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Internal vs. External HTML editor: (1) Windows HTML viewer:
this is the user specified external HTML viewing tool for windows
(Explorer by default) to be used by ESpec (2) Unix HTML viewer:
HTML viewer for Linux users (3) Windows HTML Editor: The
HTML editor tool for Windows (4) Linux HTML Editor: The HTML
editor tool for Linux (5) If selected, the internal ESpec HTML edi-
tor will be used (6) Default output extension: this is the string that
will be concatenated to the name of the generated output HTML
documents (“_out” by default).

Figure D.19: ES-Fit Advanced options
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ES-Fit internal HTML table editor: ESpec’s internal HTML editor
allows users to easily view or edit HTML Fit tables. This editor
will automatically open when the user has chosen it from the ES-
Fit advanced setting window. (1) New Table: creates a new table in
the input HTML file, Open: opens an HTML input file containing
multiple tables, Save: saves the current HTML document. Save as:
allows to save another copy of the file with different name. Exit:
exits the editor tool. (2) This text area is used to add comments in
front of each table. (3) Number of rows/columns of a selected ta-
ble can be modified here (width of each row/column can also be
modified). (4) All tables in the opened HTML document are listed
here. To edit a table, select the title from the list and the table ap-
pears in the display area. Any changes to the table have to be saved
using the “Modify” button. To add a new table press “Add” and to
remove a table select the title from the list and press “Delete”. (5)
Main display area to edit the tables.

Figure D.20: ESpec internal HTML editor
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ES-Verify settings: ES-Verify component of ESpec, translates the
input Eiffel files (which are specified in the test suite) to the Per-
fect Developer language and then runs the Perfect Developer theo-
rem prover on the translated files. For settings, press the “Settings”
button under “ES-Verify” button in the main window. This opens
the “ES-Verify settings” window. User must select the project exe-
cutable located in EIFGENSs folder.
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Running ES-Verify tool To run ES-Verify, select “Run ES-Verify”
from the “Tools” menu.

Figure D.21: ES-Verify settings
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ES-Verify in progress: ES-Verify tool runs as a separate thread in-
side ESpec tool. This process is CPU intensive and usually takes a
long time. User should wait for the process to finish. A syntax er-
ror in the input Eiffel file or a translation error will stop the process
automatically and the failure will be reported to the GUI. ES-Verify
can also be stopped manually at any time by the user if the “Stop”
button is pressed.
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ES-Verify results: The result of running the theorem prover will be
displayed inside ESpec main window. If all proof obligations are
discharged successfully, the green bar will be shown. User can see
the generated HTML proof file by double clicking on it (“output
proof html path”).

Figure D.22: ES-Verify results (passed)
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HTML proof file: When user chooses to see the generated HTML
proof file, ESpec opens the generated file in the HTML viewer.
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ES-Verify failures: The failures (if any) are reported to the ESpec

GUI. These errors can lead the developer to the location of the prob-
lem in the original Eiffel file.

Figure D.23: ES-Verify failures
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Opening the unproven HTML: User can request to see the un-
proven rules by double clicking on the “Output un-proven html

path”.
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Unproven HTML: The un-proven HTML will be opened in a new
window. This output will help the expert developer (with PD

knowledge) to fix the code.

Figure D.24: ES-Verify failures cont.
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Running all ESpec tools at the same time: For regression testing,
user is encouraged to run all the tests (i.e., ES-Test, ES-Fit and ES-
Verify components) after each modification. Of course the system
has to be freezed every time there is a change in the system under
test. In order to run all the tests, press “Run all specs” on the ESpec
GUL This option invokes ES-Test, ES-Fit and ES-verify and collects
their results under a single green/red bar.

Figure D.25: Running all the tests
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E Appendix: Misc

E.1 CREDIT _FIXTURE

class CREDIT_FIXTURE inherit
ES_COLUMN_FIXTURE

create
make

feature {NONE}
make
do
bind ("Should be given credit?", agent allow_credit)
bind ("Maximum credit allowed", agent credit_limit)
end

allow_credit (m: INTEGER; b: REAL): BOOLEAN
-— m, b are ’months’ and ’balance’ inputs
do
if (m >= 12 and m < 24) and b < 60000.00 then
Result := true
elseif (m >= 24) then
Result := true
end
end

credit_limit (m: INTEGER; b: REAL): REAL
do

if (m >= 12 and m < 24) and b < 60000.00 then
Result := 100000.00

elseif m > 24 then
Result := 200000.00

else
Result :

end

0.00
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end
end -- class CREDIT_FIXTURE

E.2 NEW_CREDIT FIXTURE

1 class NEW_CREDIT_FIXTURE inherit

2 ES_COLUMN_FIXTURE

3 redefine

4 process_row,

5 post_process_table

6 end

7

8 create

9 make

10

11 feature {NONE}

12 make

13 do

14 bind ("Should be given credit?", agent allow_credit)
15 bind ("Maximum credit allowed", agent credit_limit)
16 bind ("Total Credit", agent credit_sum)

17 end

18

19 allow_credit (m: INTEGER; b: REAL): BOOLEAN

20 -- m, b are ’months’ and ’balance’ inputs

21 do

22 if (m >= 12 and m < 24) and b < 60000.00 then
23 Result := true

24 elseif (m >= 24) then

25 Result := true

26 end

27 end

28

29 credit_limit (m: INTEGER; b: REAL): REAL

30 do

31 if (m >= 12 and m < 24) and b < 60000.00 then
32 Result := 100000.00

33 elseif m > 24 then

34 Result := 200000.00

35 else

36 Result := 0.00

37 end

38

39 credit_sum := credit_sum + b -- new code for collecting the credit
40 end

41
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42 process_row is

43 —-- redefined: ignores the last row

44 do

45 if not (content_under_heading ("Should be given credit?").is_equal
46 ("Total Credit")) then

47 Precursor -- if it is not the last row, process as a row fixture
48 end -- if it is the last row, ignore it

49 end

50

51 post_process_table is

52 do

53 connect_to_target ("Total Credit", "Maximum credit allowed")

54 execute cell ("Total Credit")

55 end

56

57 credit_sum: REAL -- collects the credit

58

59 end -- class NEW_CREDIT_FIXTURE

Color mapping chart for black
and white copies
Yellow

Green

Red

Gray

Table E.1: Color mapping for understanding the black and white copies of this
thesis
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