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Executive Summary

Assembling new software systems from prefabricated components is an attrac-
tive alternative to traditional software engineering practices which promises to 
increase reuse and reduce development costs. However, these benefits will only 
occur if separately developed components can be made to work effectively 
together with reasonable effort. Lengthy and costly in-situ verification and 
acceptance testing directly undermines the benefits of independent component 
fabrication and late system integration. This report outlines and introduces an 
approach for reducing manual system verification effort by equipping compo-
nents with the ability to check their execution environments at run-time. When 
deployed in new systems, built-in tester components check the contract-compli-
ance of their server components, including the run-time system, and thus auto-
matically verify their ability to fulfill their own obligations. This comprises func-
tional/behavioural contracts as well as quality-of-service contracts between 
individual components. Enhancing traditional component-based development 
methods with built-in contract testing in this way reduces the costs associated 
with component assembly, and thus makes the "plug-and-play" vision of com-
ponent-based development closer to practical reality.

Keywords: Compnent-based Development, Component Contract, Behvioural Contract, 
Quality-of-Service Contract, Built-in Testing
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Introduction
1 Introduction

The vision of component-based development is to bring software engineering 
more in line with other engineering disciplines where assembling new products 
from standard parts is the norm. This model of software development presents 
some challenges, however. With traditional development approaches, the bulk 
of the integration work is performed in the development environment, giving 
engineers the opportunity to pre-check the compatibility of the various parts of 
the system, and to ensure that the overall deployed application is working cor-
rectly. In contrast, the late integration implied by component assembly means 
there is often little opportunity to verify the correct operation of applications 
before deployment time. Although component developers may adopt rigorous 
test methodologies, with non-trivial software components it is impossible to be 
certain that there are no residual defects in the code. Formal proof or 100% test 
coverage are not viable options in most practical cases. Compilers and configu-
ration tools can help to some extent by verifying the syntactic compatibility of 
interconnected components, but they cannot check that individual components 
are functioning correctly (i.e. that they are semantically correct), or that they 
have been assembled together into meaningful configurations (i.e. systems). As 
a result, components that may have behaved correctly in the sanitary condition 
of the development-time testing environment, may not behave so well when 
deployed in a system where they have to interact, or compete with other (third 
party) components for resources, for example memory, processor cycles and 
peripherals.

Realizing the ultimate vision of component-based development is therefore con-
tingent on individual components having the built-in ability to check their 
respective deployment environments. Only then will the true benefits of the 
"plug and play" vision that is promised by component-based development 
become a reality. The Built-In Contract testing technology described in this 
report directly addresses this need by extending the component model to incor-
porate in-situ, run-time tests that can be performed without manual interven-
tion. This technology addresses the issues involved in furnishing individual com-
ponents with the capabilities needed to check their deployment environments at 
run-time. The enhanced model of component-based development, that incor-
porates this form of deployment tests, can be characterized by the phrase 
"plug, test and play".

A prerequisite for the correct functioning of a system containing many compo-
nents is the correct interaction of individual pairs of components according to 
the client/server model. Following Meyer (Meyer, 1997), the set of rules govern-
ing the interaction of a pair of objects (and thus components) is typically 
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Introduction
referred to as a contract. This views the relationship between a component and 
its clients as a formal agreement, expressing each party’s rights and obligations. 
Contracts may be categorized in four levels according to Beugnard (Beugnard, 
1999). These are Syntactic Contracts which are typically taken care of by the 
component platform or some adaptors, Behavioural Contracts that are part of 
the built-in contract testing approach, Synchronization Contracts that are not 
considered here, and Quality of Service Contracts that are also part of the built-
in contract testing approach, although here we only consider response time 
issues. 

Section 2 introduces the built-in contract testing paradigm that is initially con-
centrating on behavioural contracts. This is followed by a section (Section 3) on 
practical applications of the basic built-in contract testing model. Section 4 
extends the basic model by introducing contract testing concepts that are aimed 
at response time validation in contracts (i.e. quality-of-service contract). Section 
5 looks in the practical application of the extended built-in contract testing 
model, and Section 6 summarizes and concludes the report.
2 Copyright  Fraunhofer IESE 2003
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2 Basic Model of Built-In Contract Testing

The objective of built-in contract testing is to check that the environment of a 
component meets its expectations. The philosophy is that an upfront investment 
in building test software directly into a component alongside the functional soft-
ware results in reduced system assembly costs, and thus in an increased return 
on investment relative to how often the component is reused. Built-in contract 
checking greatly simplifies the effort involved in reusing a component, because 
a component can complain if it is mounted into an unsuitable environment. It 
therefore considerably strengthens the reuse paradigm of component-based 
software development. An unsuitable environment may be characterized as dif-
ferent functional behaviour from what is expected, or different latencies from 
what is expected by a component. This corresponds to violations of behavioural, 
or quality-of-service contracts as discussed in Beugnard, 1999 and Collet, 2001.

When an otherwise fault free component is deployed in a new environment, 
there are only two basic things that could go wrong during its execution: either 
the component itself is used incorrectly by others, in that case its providing con-
tract differs from the one of its client, or one or more components that it uses 
and is depending upon malfunction, in that case its server contracts differ from 
what the component expects. Both of these scenarios can be characterized in 
terms of the client/server relationship: the former implies that one or more of a 
component's clients behave incorrectly, while the latter implies that one or more 
of a component's servers behave inappropriately. Checking that these errors do 
not arise, therefore, can be characterized as checking that the contract between 
components is adhered to. Hence the name contract testing. 

While most contemporary component technologies enforce the syntactic con-
formance of a component to an interface (syntactic contract) through underly-
ing mapping mechanisms, they do nothing to enforce the semantic conform-
ance. Built in tests offer a feasible and practical approach for validating the 
semantics of components. In general, the server in a built-in contract testing 
configuration will contain -

– Built-in tests which are exclusively dedicated to checking a server's own 
deployment environment (its own servers). This comprises normal explicit 
servers as well as server components that are provided through the run-
time environment, so-called implicit servers. The test cases are carefully 
designed to comply with trade-off requirements, and they are organized 
and contained in tester components. 

– An introspection interface which provides access to and information 
about the supported testing interface. 
3Copyright  Fraunhofer IESE 2003
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– A built-in contract testing interface. This adds to the component's normal 
functional interface and serves contract testing purposes. The contract 
testing interface consists of public methods for state setup and state vali-
dation. This enables access to the externally visible logical states of a com-
ponent (defined in the behavioural model) for contract testing (Compo-
nent+, 2001).

In general, the client will contain -

– An in-built contract tester for checking the server component. This tester 
is a separate component and includes the test cases for an associated 
other server component. The tester accesses the server's normal interface 
for executing the test cases, and the server's testing interface for state 
setup and state validation. The execution of the tester represents a full 
server test with which the client validates whether the server provides its 
services correctly. The tests may correspond to functional testing criteria 
and represent an adequate test-suite for the individual unit. The size of 
the built-in tester is also subject to efficiency considerations.

– The client does not have to provide a contract testing interface in order to 
apply built-in testing technology to its own servers. However, the contract 
testing interface may be added so that it serves its clients with the same 
testing facilities as its server (Component+, 2001).

The basic model of built-in contract testing with built-in tester component and 
built-in behavioural contract testing interface is depicted in Figure 1. The server's 
testing interface provides access operations that increase a component's observ-
ability and controllabilty, and the client's built-in tester component contains test 
cases according to the client's expectation toward that server that use the 
server's testing interface in order to verify its functional/behavioural interface. A 
detailed description of how built-in contract testing interfaces and built-in con-
tract tester components are developed from models on the basis of a main-
stream development method, the so-called KobrA Method (Atkinson et al, 
2001) is provided in the IESE Report030/E, 2002
4 Copyright  Fraunhofer IESE 2003
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Figure 1: 
Model of Compo-
nents under the 
built-in contract 
testing paradigm 
(behavioural con-
tract). Behavioural 
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3 Practical Application of the Basic Contract Testing Model

Built-in contract testing has already been applied in several real developments, a 
number of small-scale case studies and some larger-scale development projects 
in the scope of the European Union funded IST project Component+ (Compo-
nent+, 2001). The following paragraphs briefly describe the process for develop-
ing contract testing artifacts. This process is heavily based on the KobrA devel-
opment method (Atkinson et. al, 2001) and model-based development 
principles including the creation of UML diagrams. The used example in this 
report, the Resource Information Network (RIN), is part of a larger communica-
tion system that has been developed by the Fraunhofer IGD and is published 
under GNU license.

3.1 Development of the Testing Architecture

In theory, any arbitrary server-clientship relationship in component development 
and integration may be checked through built-in test software. These relation-
ships are represented through any arbitrary association in a structural diagram, 
for example UML component, class and object diagram, as well as KobrA com-
position-, nesting- and creation-tree diagrams. In other words, every nesting 
association represents client-servership. For example, Figure 2 displays a KobrA 
containment hierarchy for the Resource Information Network (RIN) provided by 
Fraunhofer IGD in Darmstadt for the MDTS Project (Santos, 2003) that shows 
the individual components and their clientship relations in that system. The deci-
sion on which associations in the diagram will be augmented with built-in con-
tract tester components and interfaces depends on the estimation of how likely 
the individual components will be replaced. Initially, any <<acquires>> associa-
tion is a possible candidate for built-in contract testing. This represents points of 
dynamic change in a system. In component-based development every associa-
tion between two components is augmented with built-in testing artifacts, since 
components are the fundamental building blocks and the units of reuse in com-
ponent-based development. 
6 Copyright  Fraunhofer IESE 2003
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Figure 2: 
KobrA-style contain-
ment hierarchy for a 
simple Resource 
Information Net-
work (RIN).

The diagram in Figure 2 displays a distributed system that comprises a local part 
(Application Context) and a remote System Plugin part (Server context). The 
application context uses the underlying client/server interaction in order to com-
municate with the System Plugin. The application acquires the services from the 
plugin, so it will be augmented with a plugin tester component, and the plugin 
will be augmented with a testing interface to support that tester. All messages 
from the application to the plugin are directed through the RIN client and the 
RIN server. These are interconnected through a number of acquires relationships 
as indicated in Figure 2. Every <<acquires>> relation is a feasible candidate for 
built-in contract testing, a tester component at the client role, and a testing 
interface at the server role of the realtionship. Client and server have a bi-direc-
tional <<acquires>> relationship. This means, the client invokes services on the 
server component (e.g. DcomRinServer::ProcessRequest) and the server invokes 
services on the client component (e.g. DcomRinClient::ReceiveDataFromServer). 
The same is true for the association between the server and the plugin. Figure 3 
displays the new built-in contract testing architecture (in the grey box) that aug-
ments the individual RIN components with built-in contract testing artifacts, a 
tester component at the client role, and a testing interface at the server role of 
each <<acquires>> relation.
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Figure 3: 
RIN containment 
hierarchy with built-
in contract testing.

3.2 Development of the Contract Testing Artifacts
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graphs show how these will be “filled with life”. 
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– <<testing>> isNotRegistered ( )
– <<testing>> setNotRegistered ( )
– <<testing>> isRegistered ( )
– <<testing>> setRegistered ( )

However, the first two testing operations represent a state of the object in that 
it is not existing yet, because only the RegisterCallbackObj operation crates an 
instance of that component. If it resides in the state notRegistered it does not 
provide any invocable service. The testing interface may therefore only focus on 
the second state in the behavioural model (registered), and there only on the 
first specified operation <<testing>> isRegistered. The implementation of the 
setRegistered operation essentially repeats the implementation of the normal 
interface operation RegisterCallbackObj. Redundant implementations are use-
less, so the <<testing>> setRegistered operation is omitted in the testing inter-
face. The final specification of the testing interface is displayed in Figure 7. Fig-
ure 5 and Figure 6 display the behavioural models for the Server and the System 
Plugin respectively, and Figure 7 additionally displays the specifications of their 
testing interfaces.

The implementation of a testing interface may be realized in two alternative 
ways, one that defines an individual state setting and checking operation per 
state, and one that only provides two parameterized operations plus an exter-
nally available definition of each state. The testing interface enables clients of 
the component to perform tests on the basis of the behavioural model (state 
setting/checking).

Figure 4: 
Behavioural Model 
of the RIN Client.
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Figure 5: 
Behavioural Model 
of the RIN Server.

Figure 6: 
Behavioural Model 
of the RIN System 
Plugin.
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Figure 7: 
Structural Models 
for RIN Client, Server 
and System Plugin 
with testing inter-
faces.

3.2.2 Specification of the Tester Components

A tester component that contains the test cases and performs the tests on 
behalf of the client role is realized as a component in its own right that the client 
acquires. It is the same as any other functional server component, it only hap-
pens to comprise code that runs a simulation of the transactions that the client 
typically performs on the server. The test cases inside the tester component are 
derived according to typical functional test case generation techniques such as 
domain analysis and partition testing techniques, state-based testing, or method 
and message sequence-based testing. Models are also valuable sources for test 
case generation. For example Table 1 to Table 4 specify the contents (test cases) 
of the respective tester components for the RIN System. 

DCOM
RinServer

Testable DCOM
RinServer

+ IsWaiting ( ) : Boolean
+ IsRegistered (Client) : Boolean
+ MessageInServer (TestActive, Message) : Boolean
+ IsActivePlugin (Plugin) : Boolean

DCOM
RinSystemPlugin

Testable DCOM
RinSystemPlugin

+ IsActivePlugin (Plugin) : Boolean
+ MessageInPlugin (Message) : Boolean
+ TestExecute ( ) : void

DCOM
RinClient

Testable DCOM
RinClient

+ IsRegistered ( ) : Boolean
+ MessageInPlugin (Message) : Boolean
+ TestExecute ( ) : void

DCOM
RinServer

Testable DCOM
RinServer

+ IsWaiting ( ) : Boolean
+ IsRegistered (Client) : Boolean
+ MessageInServer (TestActive, Message) : Boolean
+ IsActivePlugin (Plugin) : Boolean

DCOM
RinSystemPlugin

Testable DCOM
RinSystemPlugin

+ IsActivePlugin (Plugin) : Boolean
+ MessageInPlugin (Message) : Boolean
+ TestExecute ( ) : void

DCOM
RinClient

Testable DCOM
RinClient

+ IsRegistered ( ) : Boolean
+ MessageInPlugin (Message) : Boolean
+ TestExecute ( ) : void
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Table 1: 
The specification of 
the test cases for the 
client’s server tester 
component.

Table 2: 
The Specification of 
the test cases for the 
RINserver’s RINcli-
ent tester compo-
nent

Table 3: 
The specification of 
the test cases fop 
the RINserver’s Sys-
temPlugin tester 
component.

Table 4: 
The specification of 
the test cases for the 
Application’s Plugin 
tester component.

The basic model of built-in contract testing concentrates on behavioural con-
tracts, and this report only briefly introduces the concepts through the Resource 
Information Network case study. A detailed description of the built-in contract 
testing technology for behavioural contracts can be found in two separate 
reports:

1 Built-in Contract Testing: Technological Foundations, that can be seen as 
an introduction to the technology (Gross, 2002a), and

No Precondition Event Postcondition

1 notRegistered IDCOMRinServer::RegisterCallbackObj ( )Registered & Client added

2 Registered IDCOMRinServer::ProcessRequest ( ) Registered & Request processed

3 Registered IDCOMRinServer::~IDCOMRinServer ( ) notRegistered & Client down

No Precondition Event Postcondition

1 Registered IICallbackObject::ReceiveDataFromServerRegistered & Answer for Client

No Precondition Event Postcondition

1 registered & active CRINSystem::ProcessData ( ) registered & active & Request to 
Plugin

No Precondition Event Postcondition

1 registered & active ProcessRequest (“bypass”) registered & active

2 registered & active ProcessRequest ( “repeat”) Registered & active

3 registered & active ProcessRequest ( “cancel”) Registered & active

4 registered & active ProcessRequest ( “abstime” + Registered & active

5 registered & active “MemoryLoad”) Registered & active

5.1 registered & active “TotalPhys”) Registered & active

5.2 registered & active “AvailPhys”) Registered & active

5.3 registered & active “TotalPageFile”) Registered & active

5.4 registered & active “AvailPageFile”) Registered & active

5.5 registered & active “TotalVirtual”) Registered & active

5.6 registered & active “AvailVirtual”) Registered & active

6 registered & active ProcessRequest ( “asap” + Registered & active

6.1 registered & active “TotalPhys”) Registered & active

... ... ... ...
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2 Built-in Contract Testing: Method and Process, that represents the main 
document for built-in contract testing, and provides guidelines on how to 
use UML models for test architecture and test case development in a com-
ponent-based development project (Gross, 2002b).

The complete Rational Rose UML models for the behavioural contract testing 
approach for the RIN case study is contained in the appendices. The extended 
model of built-in contract testing for timing contracts builts upon the principles 
of the basic model for behavioural contracts. The extended model is described in 
the following two chapters.
13Copyright  Fraunhofer IESE 2003
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4 Extended Model of Built-In Contract Testing

The problem of component integration testing is compounded when non-func-
tional requirements are considered, for example the compliance of the applica-
tion to a real-time schedule (quality-of-service contract). Such real-time require-
ments are not only affected by individual objects, but by the entirety of all 
objects that make up the application. Each individual object or component may 
have a well-defined timing behaviour in a particular environment, for example 
the development-time environment. However, this is completely changed if it is 
plugged to other components that implement functionality of a real-time appli-
cation at a customer's site. The timing behaviour of each possible combination 
of a component's feasible usage profiles in respect to other components on a 
particular platform must therefore be checked when the compliance to the tim-
ing schedule of such a system is validated. Clearly, this cannot be done a priori 
for each component since the developer of that component can never anticipate 
its usage in a particular context, nor the underlying run-time platform. Timing 
validation can only be performed when components are assembled and put 
together into a new configuration on a particular platform.

The fact that object-oriented entities are inherently encapsulated, and they also 
represent state machines, creates a fundamental difficulty for the application of 
testing strategies in general. In order to generate worst-case timing behaviour 
for some operation of an object, the test software, i.e. an optimisation algo-
rithm, e.g. random testing, or more advanced evolutionary testing strategies 
(Gross & Mayer, 2003), must not only optimise and provide the input parameter 
values for the operation, but additionally, it must optimise and provide appropri-
ate initial states from which the event will be triggered. The execution time of an 
operation is defined through the values of the internal state variables plus the 
input values of the operation. The search algorithm must set the values for the 
internal state variables from outside the object's encapsulation boundary. This 
would require all internal state variables to be made publicly available to external 
clients of the object.

Search based execution-time analysis that is applied to object-oriented, compo-
nent-based real-time systems is therefore relying on the optimisation of input 
parameters according to the method invocation history plus a specific architec-
ture. The architecture extends the basic model of the built-in contract testing 
technology. This extended model is depicted in Figure 8. The tested server com-
ponent provides another testing interface, a quality-of-service testing interface 
or a timing interface, that comprises timing notification and measurement facili-
ties. This interface is used by the client's timing server tester component. This 
component contains usage information of the server and respective timing 
14 Copyright  Fraunhofer IESE 2003
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requirements for individual transactions. The usage information represents 
sequences of operation calls and their respective input parameter signatures. 
These are required in order to define the input parameter sequences that are 
constantly generated through the optimization process for a timing test. The 
basic idea for applying this technology is laid out in the following. Current work 
in this area is devising a method and a process for develompment and automatic 
application that will be integrated in our own object-oriented and component-
based development method, the KobrA Method, or in this particular instance 
since we are concerned with embedded real-time applications, into our new 
Embedded Real-Time KobrA extension: Marmot.

Figure 8: 
Extended model of 
built-in contract 
testing for checking 
timing contracts.

The additional timing testing interface depicted in Figure 8 provides operations 
that control, set and read timers that the underlying run-time environment of 
the component is implementing. In theory, timing could well be measured inside 
the associated tester component at the client’s side, but if the tested and timed 
component is residing on a different network node than the tester component 
that provides the test scenarios for the tested component through some net-
work, we would additionally to the response time of the component’s opera-
tions also measure the response time of that underlying networking infrastruc-
ture. The timing testing interface thus enables remote testing. This is important 
in two particular cases:

– The tested component is running on an embedded controller that pro-
vides real-time features, and the platform of the testing system does not 
provide real-time. We are only interested in the timing of the component 
that runs on the embedded controller, so we have to measure the timing 
there. If we measure the timing in the tester component, we assess the 
response time of the embedded component, plus the response time of 
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the network connection, plus the run-time of the tester component, plus 
some operating system activities of the tester component. And this is 
clearly not what we are aiming at. 

– The tested component is running on an embedded controller that does 
not provide the space for the tester component and the testing infrastruc-
ture. 

The principles behind the extended model of built-in contract testing are fully 
described and laid out in a number of research papers, i.e. Gross and Mayer 
2003a/b, and the fundamental techniques of how to apply search heuristics to 
system performance assessments are described in the following papers: Gross, 
et al. 1999, Gross 2000, Wegener, et al. 2001, Sthamer, et al. 2001 and 2002, 
Gross 2003 most of which are available online through http://www.systematic-
testing.com. In the following we look at how this type of contract testing is 
implemented for the Resource Information Network case study.
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5 Practical Application of the Extended Contract Testing Model

Timing analysis in real-time system development is typically sparated into two 
distinct activities: 

– A constructive timing analysis is performed during component engineer-
ing in order to distribute high-level timing requirements over sub-compo-
nent functionality. This activity is utterly essential for schedulability analysis 
that enables engineers to assign processing capacity of the scheduler to 
concurrent tasks.

– A validative timing analysis is performed in order to check whether the 
combination of all collaborating entities as a whole, including all schedul-
ing issues, can satisfy its timing requirements. This is a test that validates 
whether the first activity was successful and performed correctly.

This work is initially only concerned with the second item, that is the assessment 
of whether a server component with all its included sub-components will fulfill a 
client component’s response time requirements. However, the same principles 
can be applied for constructive timing analysis. 

Response time requirements are derived directly from high-level of abstraction 
user requirements. Figure 9 illustrates that. The application, the user of the RIN 
system, defines a maximal expected response time (Latency Requirement) for an 
entire transaction that reads information about the state of an associated net-
work device’s physical memory. The application is merely the client of the RIN 
system. It has no knowledge of the RIN system’s implementation and how it 
would possibly satisfy the client’s response time requirement. The RIN system 
performs its own internal processing and interactions with other entities, so that 
the used execution time is distributed among all entities that are participating in 
providing the requested service. This corresponds to schedulability analysis. 
Though, the client is only interested in getting the requested service within the 
expected and specified time bound of the latency requirement.
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Figure 9: 
Hight-level Latency 
Requirement and its 
distribution over the 
entire system.

In this particular case it is the application that acquires and uses the service of 
the Resource Information Network. A typical usage secenario for an application 
to use the RIN system is outlined in the following:

1 The client creates a RIN server instance on the remote RIN host.

2 The RIN server adds the available plugins to the RIN server’s plugin database.

3 The RIN client instantiates a RIN server processing object in the server 
instance, and a callback object in the client instance.

4 The RIN client calls RegisterCallback ( ) on the RIN server processing object 
and associates the callback object with that particular processing object. The 
registration comprises user name, application name and host name. The Reg-
isterCallback ( ) operation will also cause the RIN server to add the client with 
its registration data to its internal connected clients database.

5 The client calls ProcessRequest ( ) on the server’s processing object in order to 
enqueue the requested transaction to be further processed by the server and 
consequently the plugin. This is the actual transaction that the application is 
interested in.

6 The server performs a syntax check on the request sent by the client.

7 The server calls ProcessData ( Message ) on the respective server plugin com-
ponent.

8 The plugin performs a syntax check on the plugin request sent by the server.
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9 The plugin performs the memory request on the local hosts physical memory.

10 The plugin calls OnDataFromPlugin ( Message ) on the server component and 
notifies the server that the request has been processed.

11 The server checks the syntax of the message received by the plugin.

12 The server calls ReceiveDataFromServer ( Message ) on the client’s callback 
object.

13 The client sends a signal to the application and notifies it of the message 
arrival.

14 The application can read the message contents from the callback object. This 
is the end of the transaction that the application is interested in.

15 The client closes the connection to the server and removes its own callback 
object.

These activities are specified through the sequence diagrams in Figure 10 to Fig-
ure 13. According to the client’s usage profile of the RIN system quite a number 
of different operation call sequences are conceivable. In this report, we will only 
concentrate on one particular scenario that represents the client’s usage profile 
of the RIN system.

It is important to note that only the client of the RIN system, in this particular 
case it is the application that provides the testing, can assess the timing behav-
iour of the used server. A unit test that concentrates on timing for the entire RIN 
system is completely meaningless, because such a test will assess the timing 
behaviour of a system that will never be used like this in reality. The client appli-
cation defines a very distinct usage profile of its acquired server that is the entire 
RIN. So, only the client component “knows” which operation sequences it is 
going to use for the interactions with the server. Therefore, for the client we 
have to perform a timing test according to the client’s point of view, and this is 
represented through the client’s built-in timing tester component for the RIN 
system.
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Figure 10: 
Rin system sequence 
diagram for the ini-
tialization of the 
server.

Figure 11: 
RIN system sequence 
diagram for the ini-
tialization of the plu-
gin.
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Figure 12: 
RIN system sequence 
diagram for proces-
sig a forward mes-
sage to the plugin.

Figure 13: 
RIN system sequence 
diagram for process-
ing a return mes-
sage from the 
plugin.
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5.1 Evolutionary Testing 

The process of finding and defining test cases can be regarded as a search or 
optimisation process. The goal of this process is to find test cases which comply 
to a specific test criterion. Evolutionary Testing (Wegener/Grochtmann, 1998) is 
a relatively new testing technique that is based on the application of genetic 
algorithms (Goldberg, 1989), evolution strategies (Schwefel/Männer, 1990), or 
simulated annealing (Laarhoven/Aarts, 1987). All these methods which are 
referred to as evolutionary algorithms are optimisation techniques. For testing 
the timing behaviour of systems, evolutionary testing can be used to generate 
test cases automatically (Hunt,1995; Sthamer, 1995) which are most likely to 
produce the longest or shortest execution time on the test object or violate its 
timing requirement. Static analysis is the traditional technique for determining 
the timing behaviour of systems, although dynamic timing analysis techniques 
such as optimisation algorithms are increasingly being used to overcome the 
limitations of static techniques (Gross, 2000). For example, random testing rep-
resents a very simple dynamic timing analysis technique that is mainly applied in 
industry today. However, evolutionary testing has proven to be a much more 
powerful technique for the problem at hand (Tracey et al., 1998; Tracey, 2000).

Evolutionary algorithms are sophisticated search/optimisation techniques that 
are loosely related to the mechanisms of natural evolution that is based on 
reproduction and selection. They perform on populations of binary strings or 
real numbers which represent possible solutions to an optimisation or search 
problem. Evolutionary algorithms recombine and mutate strings and the result-
ing new strings are selected as a new generation of prospective solutions 
according to a fitness function. The operation of an evolutionary algorithm can 
be subdivided into reproduction, mutation and selection. Each string in the pop-
ulation, the so-called individual, represents a feasible solution to the search 
problem. During reproduction, pairs of indivduals are selected for recombination 
and some parts of their strings form a new individual. This is termed crossover 
and controlled by the recombination operatior and the crossover probability. 
Some bits in the new individual are mutated according to a low mutation prob-
ability. The resulting new individuals are tested and their fitness evaluated 
through the fitness function. This function assesses how well each individual 
solves the original problem. Usually fitter individuals have a higher chance of 
being selected and recombined. This is controlled by the selection operator. The 
fittest individuals remain in the population and build the basis for the next gen-
eration. This procedure can be represented by the following pseudo-code with 
P, P1, P2 and P3 representing sets of possible solutions:

begin ea

initialise (P);

while not breakCondition do begin
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P1 = selection (P);

P2 = recombination (P1);

P3 = mutation (P2);

P = fittest (P3, P);

end-while;

end-ea;

The loop in this procedure is continued for a number of iterations, each repre-
senting a new generation of individuals, until the stopping criterion is satisfied. 
This may be after a predetermined number of generations, or after a number of 
generations without improvement of the result.

In order to analyse the best- and worst-case timing behaviour of a component, 
an evolutionary algorithm can be used as a test case generator to produce pop-
ulations of operation invocation sequences and input scenarios for these opera-
tions. The calling sequence and the respective input parameter values determine 
the dynamic behaviour of the tested component and thus its timing properties 
for the invocation sequences. Each individual of the evolutionary algorithm rep-
resents one usage scenario, or one transaction that the client calls on the tested 
server. The client’s own built-in timing tester component comprises the search 
algorithm in form of a genetic algorithm in this particular instance, the defintion 
of the usage scenarios for the server (RIN) that is going to be tested, plus a tim-
ing requirement for each usage scenario. How the test cases are encoded is sub-
ject of the next section. The appendix contains a C++ implementation of a sim-
ple genetic algorithm that has been used for this work.

5.2 Experiment with a Genetic Algorithm

The task of the search algorithm is to find the combination of operation invoca-
tions plus their respective input sets that represents the worst-case execution 
time or the best-case execution time. This is a single test case out of a large 
number of possible test cases. In order to apply a genetic algorithm to this task 
we have to find a way of representing a test case in form of a binary string, 
which is the basic item on which a genetic algorithm is operating. 

Assume that the usage profile of the RIN system’s client comprises a sequence 
of five different operation calls that the client is calling on the RIN system by 
using the provided method ProcessRequest. These five operations may be called 
by the client in an any arbitrary sequence. So, every operation invocation that 
the client of the RIN performs has the following format:
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ProcessRequest (FUNCTION_1, PARAMETER1, [PARAMETER2] );

ProcessRequest (FUNCTION_2, PARAMETER1, [PARAMETER2] );

...

ProcessRequest (FUNCTION_5, PARAMETER1, [PARAMETER2] );

The type FUNCTION is represented by the following list of operations (enumera-
tion type):

enumeration FUNCTION = { BYPASS, REPEAT, ABSTIME, ASAP, 
COMPARE };

The type PARAMETER1 is represented by the following list of parameter values 
that serve as input to each of the functions (enumeration type):

enumeration PARAMETER = { MemoryLoad, TotalPhys, Avail-
Phys, TotalPageFile, AvailPageFile, TotalVirtual, 
AvailVirtual }

The type Parameter2 is only used in tandem with the function COMPARE 
according to the following values (enumeration type):

enumeration PARAMETER2 = { ==, !=, >=, <=, >, < } 

Each individual within the genetic algorithm is comprised of these values, a 
value in [0..4] for the function, one in [0..7] for each parameter1, and one value 
in [0..5] for each parameter2. For example the string 

4, 0, 3

(transformed in a binary format for the genetic algorithm) represents the follow-
ing operation invocation:

ProcessRequest ( “COMPARE”, “MemoryLoad”, “<=” )

One test case that is represented by one individual in the genetic algorithm will 
comprise five of these triples, one for each of the five possible method invoca-
tions in a sequence. These are subject to selection, recombination and mutation. 
The fitness function transforms the binary representation in real operation invo-
cation sequences, and it measures the execution time for each such sequence. 
This is fed back into the genetic algorithm in order to determine the “goodness” 
of an individual with respect to best- or worst-case timing.
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The following parameters for the genetic algorithm (code in the appendix) have 
been used for performing the timing tests of the previously introduced usage 
profile of the client: 

– Number of parents in the population: 12
– Number of children in the population: 12
– Number of individuals: 24
– Number of generations: 40
– Number of executed tests: 800
– Crossover probability, Pc: 0.3
– Mutation probability, Pm: 0.02

The following list shows the software encoding of the operations for the found 
worst case execution time (2.344 seconds), the order is significant:

ProcessRequest ( ASAP, MemoryLoad )

ProcessRequest ( BYPASS )

ProcessRequest ( REPEAT, AvailPhys )

ProcessRequest ( ABSTIME, MemoryLoad ) 

ProcessRequest ( COMPARE, MemoryLoad, <= )

This individual is represented by the follwing string within the genetic algorithm:

3, 0, X, 0, X, X, 1, 2, X, 2, 0, X, 4, 0, 3

The variable X indicates any arbitrary value for that position. This is because not 
all functions take all the parameters, so they are simply not considered.

The outcome means that on the used platform this method sequence with these 
input parameter settings will result in the worst-case execution time of 2.344 
seconds. The used platform was a typical Pentium PIII 200 Mhz with Microsoft’s 
built-in DCOM middleware. If this found value is below the client’s expectation 
the test passes and we can call this a successful integration of the two compo-
nents, the client and the server. The same applies for the assessment of the 
best-case execution time, although here the test passes if the found value is 
above the client’s expected value. 

The following list shows the software encoding of the operations for the found 
best case execution time (1.468 seconds), the order is significant:

ProcessRequest ( BYPASS )
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ProcessRequest ( ASAP, MemoryLoad )

ProcessRequest ( REPEAT, AvailPhys )

ProcessRequest ( ABSTIME, MemoryLoad ) 

ProcessRequest ( COMPARE, MemoryLoad, <= )

Figure 14 shows the development of the populations for the best-case and 
worst-case timing assessments over the course of 40 generations. 

Figure 14: 
Outcome of the 
experiment.
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6 Summary and Conclusions

The philosophy behind built-in contract testing is that an upfront investment on 
validation infrastructure pays off during reuse. This adds considerable value to 
the reuse paradigm of component-based software development because a com-
ponent can complain if it is given something unsuitable to interact with, and if it 
is mounted into an unsuitable environment. This comprises the behavioural con-
tract as well as the quality-of-service contract. The benefit of built-in verification 
follows the same principles which is common for all reuse methodologies: the 
additional effort of building the test software directly into the functional soft-
ware results in an increased return on investment according to how often such a 
component will be reused.

The idea of building tests into components is not new. The very basic principles 
of built-in contract testing are based upon the ideas of traditional assertion 
checking mechanisms. These are operations in the code that are executed in 
regular intervals and compare current execution conditions of a component 
with expected execution conditions (Binder, 2000) and raise an exception if both 
deviate. Wang et. al, 2000, take these ideas a bit further and adopt a hardware 
anology in which components have self-test functionality that can be invoked at 
run-time to ensure that they have not degraded. However, since software by 
definition cannot degrade, the portion of a self-test which rechecks already 
tested code is redundant, and simply consumes time and space. The approach 
described in this report concentrates on things that are likeley to change in a 
new component configuration, that is a component's environment, and more 
specifically, its associated server components and its run-time platform on which 
it depends. Jézéquel et al., 2001 also advocate the building of test software into 
components, but their goal is to optimize the development time unit testing of 
components rather than to support in-situ integration testing at integration and 
deployment time.

This report has introduced the two flavours of built-in contract testing: The basic 
model of built-in contract testing that checks the behavioural contracts between 
two interacting components when they are plugged together. Additionally, the 
extended model of built-in contract testing checks part of the quality-of-service 
contracts between components. In this particular instance we are concentrating 
merely on timing requirements in such contracts. Both models together, when 
properly implemented, are capable of assessing a component’s run-time envi-
ronment in-situ when it is deployed and integrated with other components in 
terms of behavioural qualities as well as response time qualities. In that way a 
component can complain if it is mounted into an environment that does not 
provide its expected behavioural as well as timing requirements. Once a compo-
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nent has been equipped with built-in contract testing artifacts of the two dis-
tinct flavours, all a system integrator has to do is to physically interconnect the 
components in an application. All the integration testing is then done com-
pletely automatically thorugh the built-in contract testing infrastructures.
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8 Appendix

8.1 Integration of the Timing Tester with the RIN System Model

Figure 15 shows the KobrA containment hierarchy of the used testing environ-
ment for performing the timing tests with a genetic algorithm as test case gen-
erator. The application is the client of the RIN system that contains the tester 
component for performing the timing tests on the RIN client.

Figure 15: 
Architectural setup 
of the testing envi-
ronment.
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Figure 16: 
Initialization of the 
performance test 
through the tester.

Figure 16 shows the initialization sequence of a GA-based performance test that 
in this case is triggered through a person, the tester. Typically, this sequence 
would be triggered automatically through an assignment of the RIN client to the 
application, e.g. application::setRinClient (RinClient).

TesterTester
Application

OnButtonGaApp()

:GeneticAlg.Create()

Init(&gaFitnessApp, size)

Randomise()

gaFitnessApp(string)

:Interface
DCOMRinClient

Create()

string

:DCOMRinClientCreate()

Test Case

Request

Answer

Time

Initilized
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Figure 17: 
Sequence of a single 
GA-Generation (one 
test suite).

Figure 17 shows the interactions that a single generation of the genetic algoritm 
performs on the associated objects. This is equivalent with the execution of one 
single test suite for assessing timing behaviour. The genetic algorithm constantly 
produces new test cases with altering input parameters. These test cases are 
executed on the RIN system and their timing measured. The next test suite that 
is coming from the GA will be based on these measurements. Test cases with a 
more extreme measurement (worst or best case timing) are more likely to be 
propagated into the next test suite, so that new generations will comprise better 
test suites that old generations. In that way the search algorithm is guided pro-
gressively towards more and more extreme timing values eventually coming up 
with a parameter setting that represents the longest or shortest possible execu-
tion of a request.

Application :Genetic Alg.

Generation(1)

gaFitnessApp(string)

:Interface
DCOMRinClient

string

:DCOMRinClient

Test Case

Request

Answer

Time

Generation finished

(for each
gnome)

gaFitnessApp(string)
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Figure 18: 
Testing sequence 
after the last gener-
ation.

Figure 18 shows the execution of the performance test after the last generation. 
The search algorithm is stopped after a predetermined number of test cases or 
after a number of newly created test suites does not improve the overall found 
most extreme timing value. This final value is used by the client, in this case the 
application, to determine whether the test passes of fails. If the found execution 
time of this final value is less or equal to the stated timing requirement for the 
client, the test passes. 

Application :GeneticAlg. :Interface
DCOMRinClient

Destroy()

:DCOMRinClient

Destroy()

Save()

Generation finished

Destroy()
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Figure 19: 
Implementation of 
the fitness function.

Figure 19 represents the implementation of the fitness function for the genetic 
algorithm. The fitness is a timing value for a sequence of operation invocations 
on the tested server (the RIN system). The search strategy is based on binary val-
ues which represent the called operations plus the input parameters for each 
called operation, but the RIN system cannot be called with binary values. So, the 
binary string of the tester component in the application, or the so-called geno-
type, must be transformed into something suitable for the tested component to 
understand. This is a sequence of operation invocations with respective input 
values, or the so-called phenotype. The class CTestOrderFunc performs this 
transformation. It takes a binary string that is coming from the genetic algorithm 
and turns it into a sequence of operation calls with their respective input param-
eter values. This list is then separated into individual operation calls that are pre-
sented to the RIN system through the sendRequest ( ) operation.

Application :Genetic Alg.

gaFitnessApp(string)

:CTestOrderFunc

putOrder(char,pos)

:CRinMesssage

(bypass, repeat-cancel,asap,compare)

set[function-name](parameters)

strMessage

sendRequest(strMessage)

putOrder(char,pos)

(the first 4
characters)

getFunction(i)

:DCOMRinClient
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8.2 Model of a Simple Genetic Algorithm - Simple GA

Figure 20: 
Containment Hierar-
chy.

Figure 21: 
Population Specifi-
cation Structural 
Model.
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Save (BinaryFile) : Integer
Load (BinaryFile) : Integer
Write (TextFile) : Integer
Pm (void) : Real
Pm (Real pm) : void
Pc (void) : Real
Pc (Real pc) : void
Pa (void) : Integer
Pa (unsigned) : void
Ch (void) : Integer
Ch (unsigned) : void
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Simple Popul
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Defaults
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Figure 22: 
Population Specifi-
cation Behavioural 
Model.

8.3 Implementation of the Simple Genetic Algorithm

8.3.1 Source Code of <<Komponent>> Defaults

#include <iostream.h>

#include <fstream.h>

class Simple_Invid;

class Simple_Popul;

class Simple_Invid {              // DECLARATION

protected:

Active

Performing

Generation ( Unsigned G)

Do / perform for G
Generations

Simple_Popul ( ) /
Population Size = 80
Tournament Size = 3
Crossover Rate = 0.5
Mutation Rate = 0.1

~Simple_Popul ( )

from
<<Komponent>>

Defaults

Init ( FF, Size ) /
Fitness Function = FF
Chromosome Size = Size

Fitness Function
Chromosome Size
Tournament Size
Population Size = Parents + Children
Crossover Rate
Mutation Rate

Randomise ( ) /
* Individual.Randomize ( )

Randomise ( Invid, Value ) /
Individual[ Invid ].Randomize ( Value)

Save (OuputBinaryFile)
Load (InputBinaryFile)
Write (OutputTextFile)

Pm ( ) / return Mutation Rate
PC ( ) / return Crossover Rate
Pm ( p ) / Mutation Rate = p
Pc ( p ) / Crossover Rate = p
Pa ( No ) / #Parents = No
Ch ( No ) / #Children = No
Pa ( ) / return #Parents
Ch ( ) / return #Children
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char*         chr;              // pointer to chromosome

unsigned int  csz;              // size of the chromo-
some

double        gaf;              // fitness for the ga 
process

public:

friend Simple_Popul;

Simple_Invid (void);               // constructor

~Simple_Invid (void);              // destructor

void Init (unsigned int);          // initialiser

Simple_Invid& operator=  (Simple_Invid&);

int           operator<  (Simple_Invid& I) {return gaf 
<  I.gaf;};

int           operator<= (Simple_Invid& I) {return gaf 
<= I.gaf;};

int           operator>  (Simple_Invid& I) {return gaf 
>  I.gaf;};

int           operator>= (Simple_Invid& I) {return gaf 
>= I.gaf;};

int           operator== (Simple_Invid& I) {return gaf 
== I.gaf;};

int           operator!= (Simple_Invid& I) {return gaf 
!= I.gaf;};

void          Randomise  (double (*FF) (char*, unsigned 
int));

void Randomise  (double (*FF) (char*, unsigned int), 
char*);

void          Crossover  (Simple_Invid&, float);
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void          Mutation   (float);

double        Fitness    (double (*FF) (char*, unsigned 
int));

double        Gaf (void) {return gaf;}; // return ga 
fitness

int           Save (ofstream&);         // save invid to 
ofstream

int           Load (ifstream&);         // load invid 
from ifstream

private:

  // may be template and usable for inherited classes

  friend ostream& operator<< (ostream& out, 
Simple_Invid& I)

    { out << I.gaf << " "; return out;};

};

class Simple_Popul {                   // DECLARATION

protected:

Simple_Invid*  pop;                  // list of individ-
uals

Simple_Invid** ppop;                 // pointerlist of 
invids

Simple_Invid** cpop;                 // pointerlist of 
children

unsigned int   pasz;                 // number of parents

unsigned int   chsz;                 // number of chil-
dren

unsigned int   psz;                  // total number of 
invids
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unsigned int   csz;                  // size of the 
invids' chromosome

float          pc;                   // crossover prob-
ability

float          pm;                   // mutation proba-
bility

unsigned int   tour;                 // for tournament 
selection

double (*FF) (char*, unsigned int);  // pointer to fit-
ness function

public: // basic functionality 

Simple_Popul  (void);                // constructor

~Simple_Popul (void);                // destructor

void Init                            // initialiser

(double (*f) (char*, unsigned int), unsigned int size);

void Randomise  (void);

void Randomise  (unsigned int, char*);

void Generation (unsigned int number); 

int   Save (ofstream&);         // save popul to ofstream
binary

int   Load (ifstream&);         // load popul from 
ifstream binary

intWrite(ofstream&);  // write chrom's to ofstream text

public: // change population parameter 

float Pm (void)    {return pm;};     // return probabil-
ities
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float Pc (void)    {return pc;};

void  Pm (float p) {pm = p;};        // set probabili-
ties

void  Pc (float p) {pc = p;};

int   Pa (void)    {return pasz;};   // return size of 
pa and ch

int   Ch (void)    {return chsz;};

void  Pa (unsigned int);             // set size of pa 
and ch

void  Ch (unsigned int); 

private:  

// may be template and usable for inherited classes

friend ostream& operator<< (ostream& out, Simple_Popul& 
I);

friend void bubble_sort (Simple_Invid**, unsigned int);

friend unsigned int Tournament_Selection 

(Simple_Invid**, unsigned int, unsigned int);

};

8.3.2 Source Code of <<Komponent>> Individual and <<Komponent>> Simple_Popul

#include <fstream.h>

#include <iostream.h>

#include <time.h>

#include "ga.h"

#include "simple_ga.h"
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// -------------------------------------------------

// SIMPLE_GA INDIVIDUAL --- IMPLEMENTATION

// --------------------------------------------------

// ---------- constructor

Simple_Invid::Simple_Invid (void) {                       

  gaf  = dflt_fitness;

}

// ---------- initialiser

void Simple_Invid::Init (unsigned int size) {         

  csz = size;

  chr = new char [csz];

}

// ---------- destructor

Simple_Invid::~Simple_Invid (void) {                      

  delete [] chr;

}

// ---------- copy operator

Simple_Invid& Simple_Invid::operator= 

(Simple_Invid& I) { 

  if (this != &I) {

    delete [] chr;

    csz = I.csz;

    gaf  = I.gaf;
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    chr = new char [csz];

    for (unsigned int i=0; i<csz; i++) 

      *(chr+i) = *(I.chr+i);

  }

  return *this;

}

// ---------- initiate chrom

void Simple_Invid::Randomise (double (*FF) (char*, 
unsigned int)) {    

  for (unsigned int i=0; i<csz; i++) 

    chr[i] = (char) rand();

  if (FF != NULL) {

    gaf = (*FF) (chr,csz);

  }

}

// ---------- initiate with data

void Simple_Invid::Randomise (double (*FF) (char*, 
unsigned int), char* fname) {

  unsigned int counter = 0;

  ifstream ins;

  ins.open(fname);

  while ( (ins.read(chr+counter,1)) && (counter < csz))

  counter ++;

  if (FF != NULL) 
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gaf = (*FF) (chr,csz);

  ins.close();

}

// ---------- mutate chrom

void Simple_Invid::Mutation (float pm) {

  static char mask;

  static unsigned int i,j;

  for (i=0; i<csz; i++) {  // for each byte in the

 // variable

    mask=0;                  // set mask to zero

    for (j=0; j<8; j++) {    // put a 1 into each ran-

 // domly

      mask <<= 1;            // selected bit to determine

      if (drand48() < pm)    // which bit is swapped

mask+=1;

    }

    chr[i]  ^= mask;      // apply mask to chromosome

}

}

// ---------- recombination of two invids

void Simple_Invid::Crossover (Simple_Invid& I, float 
pc) {

    if (this != &I) {

    char mask_xor, mask_and;
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    unsigned int  i,j;

    for (i=0; i<csz; i++) { // for each byte in the

 // pheno

      mask_and=0;             // set and_mask to zero

      for (j=0; j<8; j++) {   

mask_and <<= 1;       // put a 1 into each randomly

if (drand48() < pc)

  mask_and+=1;        // selected positions where

      } // bits are swapped

      mask_xor = chr[i] ^ I.chr[i];

      mask_xor &= ~mask_and;  // swap the bits

      chr[i]   ^= mask_xor;

      I.chr[i] ^= mask_xor;

    }

  }

}

// ---------- call the fitness function

double Simple_Invid::Fitness (double (*FF) (char*, 
unsigned int)) {

  gaf = (*FF) (chr,csz);

  return gaf;

}

// ---------- save invid to ofstream

int Simple_Invid::Save (ofstream& fdout) {
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  fdout.write((char*)&gaf,sizeof(gaf));

  fdout.write((char*)&csz,sizeof(csz));

  fdout.write((char*)&chr,csz);

  return 0;

}

// ---------- load invid from ifstream        

int Simple_Invid::Load (ifstream& fdin) {

  fdin.read((char*)&gaf,sizeof(gaf));

  fdin.read((char*)&csz,sizeof(csz));

  fdin.read((char*)&chr,csz);

  return 0;

}

// ---------------------------------------------------

// SIMPLE_GA POPULATION --- IMPLEMENTATION

// ---------------------------------------------------

// ---------- constructor

Simple_Popul::Simple_Popul (void) {

  pc   = dflt_crossover_rate;

  pm   = dflt_mutation_rate;

  tour = dflt_tour_size;

  pasz = dflt_pa_size;            // number of parents

  chsz = dflt_ch_size;            // number of children

  psz  = pasz + chsz;             // total number of
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 // invids

  pop  = new Simple_Invid  [psz]; // create new popula-

 // tion

  ppop = new Simple_Invid* [psz]; // create pointerlist

  // connect pointerlist to the population

  for (unsigned int i=0; i<psz; i++) {

    ppop[i] = &(pop[i]);

  }

}

// ---------- initialiser

void Simple_Popul::Init

(double (*f) (char*, unsigned int), unsigned int size) 
{

  FF  = f;

  csz = size;

  for (unsigned int i=0; i<psz; i++) {

    ppop[i]->Init(csz);          // init individuals

// using pointers

  }

  cpop = ppop+pasz;              // init pointerlist 

// for children

}

// ---------- destructor

Simple_Popul::~Simple_Popul (void) {
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  delete [] pop;

  delete [] ppop;

}

// ---------- initiate individuals in the population

void Simple_Popul::Randomise (void) {

  srand(time(NULL));  // init random generator

#ifndef WIN32

  srand48(time(NULL));

#endif

  for (unsigned int i=0; i<pasz; i++)

    ppop[i]->Randomise(FF);

  bubble_sort (ppop,psz);

}

// ---------- initiate individual <number> randomly

//            and overwrite it with data from file 

void Simple_Popul::Randomise (unsigned int number, 
char* fname) {

if ((number >= 0) && (number <= pasz)) {

ppop[number]->Randomise(FF,fname);

}

}

// ---------- perform <number> generations

void Simple_Popul::Generation (unsigned int number) {

  // for number generations
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  for (unsigned int loop=0; loop<number; loop++) {

    // for each child

    for (unsigned int child=0; child<chsz-1; child++) {

// clone two parents by RWS

      *(cpop[child])   = 

*(ppop[Tournament_Selection(ppop,pasz,tour)]);

      *(cpop[child+1]) =

*(ppop[Tournament_Selection(ppop,pasz,tour)]);

// crossover the clones

      cpop[child]->Crossover(*(cpop[child+1]),pc);

// mutate the two new children

      cpop[child]->Mutation(pm);

      cpop[child+1]->Mutation(pm);

// call fitness function for both new invids

      cpop[child]->Fitness(FF);

      cpop[child+1]->Fitness(FF);

    }

    bubble_sort (ppop,psz);

  }

}

// ---------- save popul to filestream

//            note, that the fitness function is not

// saved
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int Simple_Popul::Save (ofstream& fdout) {

  fdout.write ((char*)&pasz, sizeof(pasz));

  fdout.write ((char*)&chsz, sizeof(chsz));

  fdout.write ((char*)&psz, sizeof(psz));

  fdout.write ((char*)&csz, sizeof(csz));

  fdout.write ((char*)&pc, sizeof(pc));

  fdout.write ((char*)&pm, sizeof(pm));

  fdout.write ((char*)&tour, sizeof(tour));

  // save the invids

  for (unsigned int i=0; i<psz; i++) {

    ppop[i]->Save(fdout);

  }

  return 0;

}

// ---------- load popul from filestream

//            note, that the fitness function is not 
loaded

int Simple_Popul::Load (ifstream& fdin) {

  fdin.read ((char*)&pasz, sizeof(pasz));

  fdin.read ((char*)&chsz, sizeof(chsz));

  fdin.read ((char*)&psz, sizeof(psz));

  fdin.read ((char*)&csz, sizeof(csz));

  fdin.read ((char*)&pc, sizeof(pc));

  fdin.read ((char*)&pm, sizeof(pm));
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  fdin.read ((char*)&tour, sizeof(tour));

  // delete actual population

  delete [] pop;

  delete [] ppop;  

  pop  = new Simple_Invid  [psz]; // create new popula-

 // tion

  ppop = new Simple_Invid* [psz]; // create pointerlist

  // connect pointerlist to the population

  for (unsigned int i=0; i<psz; i++) {

    ppop[i] = &(pop[i]);

  }

  // load the invids

  for (unsigned int j=0; j<psz; j++) {

    ppop[j]->Load(fdin);

  }

  return 0;

}

// ---------- write the popul's chrom's to a text file

//            (for cluster analysis for example)

int Simple_Popul::Write (ofstream& fdout) {

  for (unsigned int i=0; i<pasz; i++) {

for (unsigned int j=0; j<csz; j++) {

  fdout << (float) (ppop[i]->chr[j]) << " ";
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}

fdout << endl;

  }

  return 0;

}

// ---------- change the number of parents

void Simple_Popul::Pa (unsigned int size) {

  // set new population size

  psz = size + chsz;

  // create two new lists (objects and pointers)

  Simple_Invid*  tmp  = new Simple_Invid  [psz];

  Simple_Invid** ptmp = new Simple_Invid* [psz];

  // connect pointerlist to the population

  for (unsigned int i=0; i<psz; i++) {

    ptmp[i] = &(tmp[i]);

  }

  // initiate the new individuals by using pointerlist

  for (unsigned int j=0; j<psz; j++) {

    ptmp[j]->Init(csz); 

  }

  // copy the old individuals into the new ones

  unsigned int copy_size = Min(size,pasz) + chsz;

  for (unsigned int k=0; k<copy_size; k++) {
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    *(ptmp[k]) = *(ppop[k]);  // copy the individuals

// into new list

  }

  delete [] pop;

  delete [] ppop;

  // set up pointers properly

  pasz = size;

  pop = tmp;

  ppop = ptmp;

  cpop = ptmp+chsz;

}

// ---------- change the number of children

void Simple_Popul::Ch (unsigned int size) {

  // set new population size

  psz = size + pasz;

  // create two new lists (objects and pointers)

  Simple_Invid*  tmp  = new Simple_Invid  [psz];

  Simple_Invid** ptmp = new Simple_Invid* [psz];

  // connect pointerlist to the population

  for (unsigned int i=0; i<psz; i++) {

    ptmp[i] = &(tmp[i]);

  }
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  // initiate the new individuals by using pointerlist

  for (unsigned int j=0; j<psz; j++) {

    ptmp[j]->Init(csz); 

  }

  // copy the old individuals into the new ones

  unsigned int copy_size = Min(size,chsz) + pasz;

  for (unsigned int k=0; k<copy_size; k++) {

    *(ptmp[k]) = *(ppop[k]);  // copy the individuals 
into new list

  }

  delete [] pop;

  delete [] ppop;

  // set up pointers properly

  chsz = size;

  pop = tmp;

  ppop = ptmp;

  cpop = ptmp+chsz;

}

// ---------- Simple_Population printout

ostream& operator<< (ostream& out, Simple_Popul& p) {

  for (unsigned int i=0; i<p.psz; i++)

    out << *(p.ppop[i]) << " ";

  out << endl;

  return out;
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}

// ---------- FRIEND bubble sort for the population 
pointer list

void bubble_sort (Simple_Invid** List, unsigned int 
size) {

  char sorted;

  Simple_Invid* tmp;

  int pass = 1; 

  do {

    sorted = 1; 

    for (unsigned int i=0; i< size - pass; i++) {

      if (*(List[i]) < *(List[i+1])) {

sorted = 0; 

tmp = List[i]; 

List[i] = List[i+1]; 

List[i+1] = tmp;

      }

    }

  } while (sorted != 1);

}

// ---------- FRIEND TOURNAMENT Selection Algorithm

unsigned int Tournament_Selection 

(Simple_Invid** List, unsigned int size, unsigned int 
tour) {

  unsigned int n_pos;
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  unsigned int pos = (unsigned int) rand() % size;

  double fit = List[pos]->Gaf();

  for (unsigned int i=0; i<tour; i++) {

    n_pos = (unsigned int) rand() % size;

    if (List[n_pos]->Gaf() > fit) {

      fit = List[n_pos]->Gaf();

      pos = n_pos;

    }

  }

  return pos; // return position in the population

}
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