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Abstract

The development of tests for avionics systems involves a multiplicity of in-

house test languages, with no standard emerging. Test solution providers

have to accommodate the habits of different clients, while the exchange of

tests between aircraft manufacturers and their equipment/system providers

is hindered. We propose a model-driven approach to tackle these prob-

lems: test models would be developed and maintained in place of code,

with model-to-code transformations towards target test languages. This

thesis presents three contributions in this direction. The first one consists

in the analysis of four proprietary test languages currently deployed. It al-

lowed us to identify the domain-specific concepts, best practices, as well as

pitfalls to avoid. The second contribution is the definition of a meta-model

in EMF Ecore that integrates all identified concepts and their relations. The

meta-model is the basis for building test model editors and code generation

templates. Our third contribution is a demonstrator of how these technolo-

gies are used for test development. It includes customizable graphical and

textual editors for test models, together with template-based transforma-

tions towards a test language executable on top of a real test platform.
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Introduction

This doctoral thesis was a collaboration between three organisations:

• an industrial partner: Cassidian Test & Services (an EADS company) of Colomiers,

France,

• and two academic partners - research laboratories of Toulouse, France:

– the Laboratoire d’Analyse et d’Architecture de Systèmes (LAAS-CNRS),

– the Office National d’Études et de Recherches Aérospatiales (ONERA).

The industrial partner is a provider of test execution automation solutions for avion-

ics embedded components and systems, covering integration testing as well as hardware

testing at the production and maintenance life-cycle phases.

Testing is one of the main verification and validation means, aiming for the removal

of faults [1]. In the field of avionics, testing is a crucial step needed for the certification

of the systems that are installed inside an aircraft [2]. The automation of test execution

is a long-time subject that is as important today as ever because of the major benefits

it offers when compared to manual testing: the long-term effort associated with the

testing activity is decreased, the execution of test cases is reproducible and can be

performed with limited or no human supervision.

The industrial context of our work is the in-the-loop integration testing of avion-

ics embedded systems. We were motivated by the observation that existing solutions

for test execution automation in our industrial context no longer respond to stake-

holder needs. The world of test languages, in which test cases are developed, comprises

numerous proprietary test languages and is heterogeneous: each test language offers

different functionalities and common functionalities are offered in different manners.

In some cases, a test language offers a same functionality in more than one manner.

As no standard is emerging in this field and existing test languages are different, the

exchange of test artefacts (e.g., test cases and data) between stakeholders is hindered
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1. INTRODUCTION

(e.g., between aircraft manufacturers and equipment/system providers). This situation

is also challenging for test solution providers who have to cater to the individual habits

of each client. Moreover, test engineers do not benefit from the latest methodologies

and technologies issued from software engineering to their full extent. This could prove

useful for increasing test engineer productivity and test case quality, while facilitating

the maintenance and customization of the test development environments.

In order to address all these needs, we propose the application of model-driven engi-

neering methodologies and technologies, issued from software engineering, in the field of

test implementation for avionics embedded systems. High-level, platform-independent

test models would replace current practice, where test code occupies the central po-

sition. For their execution, test models would be translated into existing executable

test languages. This proposal is motivated by the fact that test cases are pieces of

software and consequently can and should benefit from the latest software development

methodologies and technologies.

Chapter 2 proposes a state-of-the-art presentation of the field of testing. We discuss

existing work focusing on two major issues: test design (test selection and test oracle)

and test implementation (test development methodologies and formalisms). Although

most existing academic work addresses the design issues, test implementation ones are

also very important from an industrial viewpoint.

Chapter 3 discusses the specificities of our industrial context. We present the life-

cycle, behaviour and interfaces of avionics embedded systems, the associated test plat-

forms and the evolving needs expressed by stakeholders in this field, that motivated

our work.

Our first contribution (Chapter 4) consists in the analysis of a sample of test lan-

guages currently used in the industry. To the best of our knowledge, this is the first time

such an analysis is performed. We targeted a sample of four proprietary test languages

currently used in real-life, together with two test languages used in the automotive

and respectively telecommunications and distributed systems domains. The latter two

were chosen for comparison purposes. This analysis allowed us to identify the set of

domain-specific features/concepts, best practices, as well as pitfalls to avoid. Secondly,

this study investigated the similarities and differences between the test languages that

were analysed. A too great heterogeneity could have impeached any homogenisation

attempt, while a lower heterogeneity could have helped us identify the “best”test lan-

guage is our sample and try to improve it. We found that test languages in this field

are sufficiently similar in terms of offered functionalities, but that none of them seems

an adequate candidate for future improvement. This motivated us to propose a new

model-driven solution to replace existing practice.

Our second contribution (Chapter 5) consists in the definition of a test meta-model

that integrates the rich set of domain-specific concepts in a homogeneous manner, while
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taking into account the best practices in the field. We used meta-modelling as an in-

strument in order to define our domain-specific concepts and their relations. Moreover,

it provided us access to a rich set of existing free and open-source tools: graphical and

textual model editors, checkers and automatic code generators. This enabled us to

define a mixed (graphical and textual) customizable test model development environ-

ment.

The third contribution (Chapter 6) consists in the implementation of a first pro-

totype on top of a real integration test platform: the commercially available U-TEST

Real-Time System [3] developed at Cassidian Test & Services. We used a template-

based model-to-text transformation, targeting an executable proprietary test language.

The target test language did not exist at the time of our first analysis of the field and

consequently provided us the opportunity to challenge the genericity of our test meta-

model. We proposed a method for organising the automatic code generation templates

and the automatically generated code and files. In order to simplify the implementa-

tion task, we based this organisation on the test meta-model architecture. Moreover,

this prototype allowed us to evaluate the employed technology with regard to possi-

ble future industrialization. The model-to-text approach corresponded to our needs.

We did not require more complex model transformation functionalities. The definition

of automatic code generation templates was straightforward, with the automatic code

generation step for a given test model being quasi-instantaneous.

With the prototype, we succeeded in demonstrating a number of test engineer ac-

tivities on two realistic use-cases of simple and medium complexity (Chapter 7): test

model development, implementation and execution.

Chapter 8, comprising the conclusion and perspectives of our work, ends this dis-

sertation.
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2

State of the Art - Testing

This chapter presents the state of the art on the subject of testing, together with the

main issues that are encountered and for which solutions have been or are currently

being researched.

Testing is a dynamic verification method aiming at fault removal [1]. It consists in

the stimulation of the system under test (SUT) with valued inputs and the analysis

of its outputs with respect to the expected behaviour. Testing is one of the four

major classes of verification techniques. The remaining three are: static analysis [4,

5, 6], model verification/checking [7, 8] and theorem proving [9, 10]. Although there

is cross-fertilisation between these different techniques [11], they are most often used

independently one from the other. The chosen technique depends on the life-cycle phase

where the verification is performed, as well as the type of verification problem.

The testing process uses test cases that are submitted to the system. A test case is

“a set of test inputs, execution conditions, and expected results developed for a particular

objective, such as to exercise a particular program path or to verify compliance with a

specific requirement”(from [12]).

In the field of testing, two main challenges are usually addressed: test design and

test implementation. Test design concerns the definition of the logic of a test, while

test implementation deals with the development of test code for execution automation

purposes on top of given test platforms. These two issues can be addressed at different

integration levels of the tested artefact: unit, sub-system, system and so forth.

Let us now look in more detail at the two test design and implementation challenges.

Test design can be split into two issues: test selection (Section 2.1) and test

oracle (Section 2.2). Test selection concerns the specification of test behaviour and

data that are pertinent with regard to the required verification objective. The test

oracle deals with the manner in which a verdict can be taken regarding the conformity

between the observed behaviour exhibited by the system under test and the expected

behaviour.
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Test implementation deals with the problems of test development methodolo-

gies (Section 2.3) and test development formalisms (Section 2.4). Test development

methodologies cover guidelines that test engineers must follow when developing tests.

Test development formalisms cover technologies that allow the definition of tests that

are automatically executable.

Most existing academic work focuses on test design, with test selection being a topic

of research more commonly tackled than the test oracle. Although the number of pub-

lished research on test implementation is somewhat limited, it nevertheless represents

important challenges. The implementation of test cases, in order to automate their

execution, is a major issue in an industrial context. Regression testing benefits directly

from this. Test implementation decreases the effort associated with the testing activity.

The number of test cases that can be executed in a limited time is increased. Tests

can be executed when the test platforms and SUT are idle (such as during night-time),

without or with limited human supervision. Automated tests can have a reproducible

execution, which is not achievable when they are entered manually by a test engi-

neer/operator. All of these benefits justify the importance of test automation and the

motivation for our work, as will be also mentioned in the conclusion of this chapter.

2.1 Test Selection

With the exception of trivial cases, exhaustive testing of all the possible behaviours that

a system can exhibit - with all possible input data, is not achievable. Consequently, a

small set of test cases that cover a subset of the input data domain must be identified.

In order to select the relevant test cases, criteria that guide the selection are defined,

covering different aspects of the system under test. Some criteria are linked to a model

of the structure of the system or to a model of the functions that the system offers. In

software testing, these two approaches are called

• Structural Testing (Subsection 2.1.1),

• Functional Testing (Subsection 2.1.2).

Unfortunately, the imperfection of the different test selection criteria to identify

specification and implementation faults constitutes a major limitation of these ap-

proaches. This observation has motivated work on:

• Probabilistic Generation [13, 14, 15, 16] of input data, based on test criteria, in

order to allow the multiple activation of system behaviours with different valued

inputs, for increased fault identification. This is different from probabilistic usage

profiles that help identify most-used behaviours of the system and concentrate

testing on them (discussed at the end of Subsection 2.1.2),
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• Mutation Analysis [17, 18, 19]) for the evaluation of the fault-revealing power

of a set of test cases. A given system is applied mutation transformations and

existing tests are evaluated with regard to their capacity to detect the inserted

faults.

For a high-level overview of test selection, including information on its industriali-

sation, please refer to [20, 21, 22, 23].

2.1.1 Structural Testing

Structural testing “takes into account the internal mechanism of a system or compo-

nent”(from [12]). The set of criteria that govern the selection of test cases in structural

testing are defined following the structural analysis of the software programs. A white-

box view of the software is considered. The model of the software that is used by

structural testing approaches is the control graph [24], possibly enriched with informa-

tion on the data flow [25].

The control graph, constructed from the source code of the software program, offers

a compact view of the software structure. It contains one entry node and several

potential exit nodes. The nodes of this graph comprise instructions that are executed

sequentially. The arcs between nodes define possible transfers of control between the

nodes. An execution of the software can thus be considered as a complete path between

the entry node and one of the exit nodes, the path that was taken being determined

by input data produced by the test case.

A stringent selection criterion consists in the activation, at least once, of each exe-

cutable path between the entry node and the exit nodes (the “all paths”criterion). A

path is executable if input data that activates it exists.

In reality, this criterion is difficult to use. Firstly, the problem of non-executable

paths identification is undecidable in the general case. Secondly, whenever a soft-

ware contains a loop, the number of executable paths greatly increases and can even

be infinite. In such cases, one is forced to accept less stringent criteria, such as “all

instructions”or “all branches”. These two criteria demand that all the nodes and re-

spectively all the arcs are activated at least once during testing. A refinement of branch

testing is the Modified Condition/Decision Coverage (MC/DC) criterion [26, 27], used

to cover the logic of branch predicates.

The control graph can be enriched with information relative to the manipulation

of variables inside the software. Data flow criteria consequently propose the coverage

of sub-paths between the graph nodes containing the variable definitions (a value is

assigned) and the nodes or arcs using these values in the computation of mathematical

or logical expressions. Different types of specialized criteria exist, such as “all variable

definitions”or “all uses”.
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In general, structural testing is used for software components of reduced size, as the

control graph rapidly increases in complexity with the increase in size of the targeted

source code.

2.1.2 Functional Testing

Functional testing “ignores the internal mechanism of a system or component and fo-

cuses solely on the outputs generated in response to selected inputs and execution con-

ditions”(from [12]). It corresponds to a black-box view of the system under test. This

approach depends on a model that describes the expected software behaviour in terms

of inputs and outputs. In comparison with the structural testing approach, there is

no standard model (such as the control graph) that can be used. Consequently, func-

tional testing covers a wider range of methods and techniques, which are dependant on

the formalism used for modelling the behaviour of the system. We discuss here some

well-known approaches:

• Input Domain Characterisation,

• State-Based Approach,

• Algebraic Specification,

• Decision Table,

• Probabilistic Usage Profile.

Input Domain Characterisation This technique deals with the modelling of the

input domain using a partitioning approach. The input domain is divided into a finite

number of sub-domains, or equivalence classes, separating valid and invalid value sets.

The equivalence classes are deduced from the analysis of the system specification and

its input data types. The classes group values that should activate similar software

program functionalities. The criterion consists in choosing an element from each equiv-

alence class. This approach can be enriched with the consideration for values at the

boundaries between sub-domains. Note that the domain characterization is most-often

multi-dimensional, as in Category-Partition Testing [28], where each category repre-

sents an input characteristic to be partitioned. Various strategies have been proposed

to combine the values for the orthogonal characteristics [29].
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State-Based Approach This technique consists in the modelling of the states that a

software program can have, together with the operations or events that lead to changing

states. The modelling of the system is achieved either by using set theoretic or state-

transition formalisms.

Languages issued from set theory are used for functional testing, yielding approaches

for the Vienna Development Method Specification Language (VDM-LS) [30], Z [31]

and B [32, 33, 34]. The associated methods contain two steps. First, test cases are

selected for each operation that is analysed individually. Criteria for operation analysis

deal with the coverage of their before/after predicates. Next, operation call sequences

are constructed, where each operation in the sequence sets the software program in a

specific state in which the following operation can be activated.

Two basic versions of state-transition models used for testing are: Finite State

Machines (FSM) and Labelled Transition Systems (LTS). We discuss both of these

techniques next.

A FSM is a graph that has a number of nodes, with each node representing a

state of the system, while the arcs between the nodes represent transitions between

system states. A finite alphabet of input and output events allow the annotation of

each transition with the input that produces it and with the output it produces after

it has been triggered. The test selection criteria defined for a FSM are based on

the coverage of the graph [35], such as: the coverage of all states, the coverage of all

transitions [36, 37], the coverage of all transition pairs [38]. More sophisticated versions

of transition testing have been defined. They target exhaustiveness with respect to a

simple fault model, inducing transfer (the transition leads to a state different from the

one that is specified) or output (the transition does not generate the expected output)

errors. The detection of transfer errors leads to the need to identify the arrival state.

As this state is not always directly observable, it must be identified by looking at one

or more sequences of events to which it responds in a manner different than any other

state. Several solutions exist for the generation of such sequences of events: the W

method [39], Distinction and Unique Input Output (UIO) sequences [40, 41]. These

methods have also been looked into in the case of indeterministic machines [42].

The LTS-based technique is usually employed for testing communicating systems

[43, 44]. This formalism is usually not directly used in practice, with the specification

being defined in a higher-level language with its semantics defined in LTS, such as

the Specification and Description Language (SDL). The generation of tests can be

performed by linking the LTS with the test objectives that specify the sequences of

events to be tested. The test objectives can be determined in an ad-hoc manner or

can be automatically generated from the specification (e.g., objectives related to the

coverage of the source SDL model transitions).
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Test methods have also been investigated for timed [45, 46, 47] and data [48] ex-

tensions of the state-transition formalisms.

Algebraic Specification An algebraic specification offers an axiom-based descrip-

tion of the functionalities of a software program. Testing an axiom consists in the

instantiation of its variables and the verification that the software program satisfies the

formula that is obtained. The manner in which an axiom is instantiated is based on

selection hypotheses [49, 50]: the uniformity hypotheses define input homogeneous sub-

domains (i.e., equivalence classes) based on their capacity to reveal faults, regularity

hypotheses limit the size of the formulas that can be constructed by axiom unfolding.

This approach has been extended to the analysis of LUSTRE descriptions [51] and pro-

cess algebras [52]. Recent work has proposed a way to encode the test selection problem

and hypotheses in a formal test generation environment based on the theorem-prover

Isabelle [53].

Decision Table A decision table allows the identification of the input combinations

that influence the behaviour of the system under test and can be considered a high-level

language for representing combinational functions (without memory). A decision table

contains two parts: a list of conditions or predicates on the inputs and a list of actions

to be performed (outputs). Each table column defines a rule that links the combination

of condition evaluation values to a list of expected actions. The criterion associated

with the table covers the activation of each rule at least once.

Probabilistic Usage Profile The basic principle behind statistical usage testing

is that the tests are based on the anticipated operational usage profile of the system

[54, 55]. This technique is consequently based on the modelling of the manner in which

a user can interact with the system. A usage profile is for example a Markov Chain

Usage Model (MCUM) [56] containing nodes and arcs. Each node is a state of the

system, with arcs being interactions from the user that change the system state. Each

arc is assigned a probability that corresponds to the chance that a user performs that

respective interaction. The MCUM is usually derived from a higher-level specification.

Standard Markov techniques can be used to analyse the usage profile. An example

of a generic tool using this technique is Markov Test Logic (MaTeLo) [57, 58], which

allows automatic test case synthesis and code generation towards the TTCN-3 [59]

test language. Others have applied usage profiles for the testing of military simulation

systems [60], mobile networks [61] and web applications [62]. In [63] a richer extended

operational usage profile is proposed, that actually consists of three profiles (the process,

structural and data profiles) taking into account different aspects of the system under

test.

10



2.2 Test Oracle

2.2 Test Oracle

The automatic analysis of the test results is desirable and becomes necessary when a

great number of input/output data of the system under test have been selected. This

is where the formalisation of a test oracle comes in handy.

Solutions that offer the best results are based on the existence of a formal specifi-

cation of the target software program. This specification is usable for determining the

expected results. In Subsection 2.1.2 we have presented some examples of approaches

based on formal specifications, which are used in functional testing.

Back-to-back testing represents another solution for the test oracle issue, which is

especially useful for systems that have software diversification for fault avoidance pur-

poses. This solution consists in the comparison of the output data produced by the

software variants. In case the variants produce divergent results, faults are revealed.

Back-to-back testing remains nevertheless an imperfect solution, because of the poten-

tial presence of correlated faults that lead the variants to produce the same incorrect

results.

Other partial test oracle solutions can be employed, on a case-by-case basis, by us-

ing verisimilitude checks on the test results: the verification of the coherence between

different data, the verification that data is bounded, and so forth. More sophisti-

cated checks use invariants that can also take temporal aspects into account [64, 65].

Executable assertions/contracts can also be included into the software program code

[66, 67, 68], allowing fine-grained verification to be performed. The assertions allow the

detection of erroneous internal system states, as well as the detection of the violation

of pre/post-conditions or operations.

2.3 Test Development Methodologies

Test development methodologies cover guidelines that test engineers use when they

develop tests, allowing them to define high quality test code (e.g., annotated with

comments, structured, understandable, documented, reusable). In the field of software

testing, the book [69] offers an extensive overview of existing practices, as well as real-

life case studies.

The book discusses scripting techniques that can guide test development from the

perspective of programming techniques. Five scripting techniques are presented, each

one with its strengths and weaknesses: linear, structured, shared, data-driven and

keyword-driven scripting. A linear script is a simple set of sequential instructions that

stimulate the system under test and verify its outputs. A structured script benefits from

execution flow control instructions, being similar to a structured program. Shared

scripts are scripts that can be reused across several test cases. Data-driven scripts

separate the behaviour of the test case (e.g., stimulate a text input) from the input
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data (e.g., a specific string) that is used. Finally, keyword-driven scripts are enhanced

versions of data-driven ones, where some part of the logic of the test case is transferred

to the input data.

The comparison of system under test output with expected output (i.e., the test

oracle issue) is discussed as well. Comparators are pieces of software that deal with

such issues. They can perform their task dynamically, during the execution of the test

case, or in post-processing. They can have different levels of sensitivity, looking for

identical of more logical correspondences between observed and expected outputs.

Finally, [69] looks into issues concerning test managers/directors, test organization,

test management, as well as metrics for measuring test quality.

These methodologies are most of the time informal, being found in text documents

that test engineers are supposed to read and apply. A manner in which the correct

application of these methodologies can be more strongly enforced is by introducing

them in the test development formalism that a test engineer uses. As such, the test

engineer is constrained to respect the methodology, in the same manner in which a

programmer must respect the grammar of a programming language when developing a

software program.

2.4 Test Development Formalisms and Associated Tools

Test development formalisms and tools are technologies that allow the production of

test cases that are automatically executable on a given test platform. Three major

types of solutions have been identified: capture & replay tools, test frameworks,

test languages and test modelling. We discuss each one of those next, with a couple

of examples illustrating each solution type.

Capture & Replay Tools A capture and replay tool is a test tool that records test

inputs as they are sent to the software under test during manual testing. The input

cases stored can then be used to reproduce the test at a later time. These types of tools

are most commonly applied to Graphical User Interface (GUI) testing. This approach

usually leads to fragile tests [69]. We present here some tools.

Borland SilkTest [70] is a tool for automated function and regression testing of

enterprise applications. SilkTest uses an object-oriented representation of the software

program, by identifying all windows and controls of the application under test as objects

and defines all of the properties and attributes of each window. It can also identify

mouse movement along with keystrokes. SilkTest can use both record and playback or

descriptive programming methods to capture the dialogue boxes. SilkTest test scripts

are stored in a proprietary test language called 4Test. It is an object-oriented language

similar to C++, using the concepts of classes, objects, and inheritance. Pieces of code
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in Java, C++, C], as well as in Visual Basic .NET can be used for writing test scripts in

SilkTest. This is especially useful when testing applications written in these languages.

Other extensions supported by SilkTest cover testing for Internet Explorer (IE), Firefox

and the SAP Windows GUI. SilkTest uses the Silk Bitmap Tool for the capturing and

comparing of windows and application areas.

The Abbot Java GUI Test Framework [71, 72] is used for Java user interface (UI)

testing. The framework contains two components: Abbot that offers the capacity to

programmatically drive UI components, and the Costello scripting language that offers

the capacity to launch, explore and control the application under test. In general,

testing with Abbot consists of getting references (or handlers) to GUI components and

either performing user actions on those components or making some assertions about

their state. These operations may be done from either a high-level script written in

Costello or directly from Java code (for example in a JUnit TestCase method). Costello

scripts are saved in the Extensible Markup Language (XML) [73]. Scripts are primarily

composed of actions, assertions, and component references. Actions are things that a

user usually performs in order to operate a GUI component (e.g., clicking on a button,

selecting a menu item or entering text). Component references represent actual GUI

component instances within the application under test. Each has a unique identifier

that may be used to indicate to other script steps the actual component on which one

wishes to act. Finally, assertions allow the verification of the GUI state, for example

by evaluating a predicate on the value of a GUI component property.

Selenium [74, 75, 76] is a portable software testing framework used in a different

domain, that of web applications. Selenium provides a record/playback tool for test

development. A test domain-specific language called Selenese is also provided. The tests

can then be run against most modern web browsers, with Selenium being deployable

on Windows, Linux, as well as Macintosh platforms. Recent work covers the mining of

web application specifications from tests defined using Selenium [77].

Test Frameworks Test frameworks are commonly used in software engineering for

unit testing. The xUnit generic term designates a framework for unit testing in a

specific programming language, where the first letter is replaced depending on the

programming language. All these variants are based on the approach proposed in

SUnit, that was created for the Smalltalk programming language. Tests are written in

the same programming language as the target application under test.

CUnit [78] is a lightweight system for writing, administering, and running unit

tests in the C programming language. It offers developers basic testing functionalities

with a flexible variety of user interfaces. CUnit is built as a static library linked with

the application under test. It uses a simple framework for building test structures,

and provides a rich set of assertions for testing common data types. Finally, several

13



2. STATE OF THE ART - TESTING

different interfaces are provided for running tests and reporting results. We mention

here some variants, such as CppUnit [79], JUnit [80] and PyUnit [81].

Test Languages A test language is a domain-specific language (DSL) specifically

created for the purpose of testing. We discuss some test language examples in or-

der of their maturity, beginning with those that have been deployed in a production

environment and ending with research prototypes.

Initially developed for the verification of distributed system and telecommunica-

tion protocol, the Testing and Test Control Notation Version 3 (TTCN-3) [82, 83] is a

mature international standard evolving towards other fields, such as the testing of real-

time [84, 85] and continuous [86] systems. TTCN-3 is a high-level test language that

abstracts away from implementation details. It requires dedicated compilers or inter-

preters for execution. Nonetheless, it benefits from a standardised architecture for its

implementation on top of test platforms [87]. Until its second version, the test language

was specified as a set of tables and was called Tree and Tabular Combined Notation.

Reading and editing this version of the test language required specific tabular editors.

Beginning with its third version, TTCN was renamed. It now more closely reassembles

a programming languages and can be edited with traditional textual editors. TTCN-

3 was developed and standardized at the European Telecommunications Standards

Institute (ETSI). This test language is widely used, mostly for the testing of telecom-

munication protocols, such as: Global System for Mobile Communications (GSM - 2G),

Universal Mobile Telecommunications System (UMTS - 3G), Bluetooth. An interesting

aspect of TTCN-3 is its use of the Abstract Syntax Notation One (ASN.1) [88] formal-

ism for the description of the message types that are send to and received from the

system under test. ASN.1 is an international standard of the ITU Telecommunication

Standardization Sector (ITU-T).

Rational Test RealTime [89] is a tool developed and sold by IBM/Rational, target-

ing software component testing and the runtime analysis of embedded software. This

tool integrates the ATTOL test language. A preprocessing module transforms ATTOL

test scripts into a target programming language, which is usually the one in which the

tested software application is written (e.g., the C programming language). One inter-

esting aspect of this test language is that it allows foreign code (i.e., in a programming

language different than ATTOL) to be embedded into its test scripts. Moreover, it

offers short-cuts for the implementation of simple test strategies (e.g., interval values

coverage), as well as simple oracles based on the comparison of resulting data with

regard to expected data. The execution of the test scripts automatically generates a

detailed rapport that can serve for testing process documentation.

The Test Specification Language (TSL) [90] is used for the definition of formal tests

for software systems. TSL was developed by Siemens Corporate Research. This test
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language has been used to test commercial software in a production environment, such

as the commands of a software management system and software for a process control

system. TSL is based on the Category-Partition method [28] (see Subsection 2.1.2).

This represents a systematic way of analysing a system’s functional specification to

produce a well-defined partition of each function’s input domain and a description of

each function’s expected results. Executable test cases are automatically generated

from the more abstract formal test specifications defined in TSL by combining values

for the different partition elements.

A prototype language based on Python was developed at the National Aeronau-

tics and Space Administration (NASA) [91], specifically for their Constellation rockets

Launch Control System (LCS) project. It was used as a specialized monitor and con-

trol language for programming both tests and the control parts of some applications

(checkout and launch processing for flight and ground systems). The language has

been implemented as a library that extends the Python scripting language, and vali-

dated in a successful demonstration of capability required for the NASA Constellation

Launch Control System (LCS). The design of the Domain-Specific Language (DSL) was

inspired by the procedural programming paradigm, rather than by object-oriented pro-

gramming, in spite of the fact that Python is object-oriented. The DSL focuses more

on functionalities that on structures. In addition to the domain-specific constructs, all

of Python’s programming constructs are reused and made available to the programmer.

Valuable feedback is offered in [91] on issues to be tackled when specifying a new test

language (e.g., defining it from scratch or reusing an existing language), as well as feed-

back on the used technologies (e.g., Python, PyDev Python development environment

for Eclipse).

Test Modelling Test modelling is based on the assumption that test cases are pieces

of software, and as such can benefit from advanced software engineering methodologies

and technologies, such as model-driven engineering (MDE) [92]. The introduction of

MDE methodologies and technologies to the field of testing is an active field of research,

although existing publications are not numerous. We do not refer here to model-based

test selection techniques such as those already discussed in Subsection 2.1.2. Rather,

we refer to test development.

Most existing work on test implementation solutions use the Unified Modeling Lan-

guage (UML) [93] for the test models. Many projects have addressed the integration of

the standardized UML Testing Profile (UTP) [94] and TTCN-3 [83]. The profile is used

in [95] to produce TTCN-3 code (or code skeletons). A meta-model for TTCN-3 can

be found in [96], later encapsulated within the TTworkbench platform [97]. A similar

project at Motorola [98] uses the TAU tool suite [99].
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Some authors proposed their own UML profiles. A UML profile and model trans-

formations for web applications testing is discussed in [100]. In avionics, UML-based

modelling of simulation software for model-in-the-loop testing is proposed in [101]. Also

in avionics, [102] proposes test models conforming to a test meta-model (integrating

automata-based formalisms), for the second generation of Integrated Modular Avionics

(IMA) (SCAlable & ReconfigurabLe Electronics plaTforms and Tools (SCARLETT)

project [103]). Previous work by the same authors includes automata-based test mod-

elling for their RT-Tester platform [104, 105].

Meta-models for ITU-T languages such as TTCN-3 or SDL are investigated in [106].

The aim is to abstract away from concrete Backus–Naur Form (BNF) grammars and

use a set of core concepts shared by a family of languages. Concepts identified by

language experts are used as a support for building language meta-models.

Other artefacts employed during testing, in addition to the test cases themselves,

can benefit from model-driven engineering. For example, SUT environment modelling

is discussed in [107].

Similarly to this work, we focused on the usage of model-driven engineering method-

ologies and technologies for the implementation of tests. The industrial partner for this

project, Cassidian Test & Services, is a provider of test execution automation tools and

test platforms for avionics embedded components and systems.

2.5 Conclusion

In this chapter we presented the state of the art on testing. We discussed the major

challenges in this field (test design and test implementation), together with the solutions

that have been or that are currently researched.

Test design can be split into two issues: test selection and test oracle. Test selec-

tion is largely discussed in literature, in contrast to the test oracle. Solutions to the

problem of relevant test selection include approaches such as: functional and structural

testing, probabilistic generation of test input data and mutation analysis. Functional

testing approaches are more numerous and diverse, as no single model is employed, in

contrast to structural testing. The underlying models include input domain characteri-

sation, state-based approaches, algebraic specification, decision tables and probabilistic

usage profiles. Concerning the test oracle problem, automated solutions range from

back-to-back techniques useful when redundancy is available, to techniques employing

verisimilitude checks, complex invariants as well as executable assertions/contracts.

Test implementation can be split into two issues as well: test development method-

ologies and formalisms/tools. Test development methodologies guide test engineers in

their coding activity, while test development formalisms and tools allow them to auto-

mate the coding (at least partly). In academia, these issues have received much less
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interest than test selection issues. Nevertheless, they are important in industrial envi-

ronments, where test automation can provide numerous benefits that manual testing

techniques can never achieve. Test development methodologies cover aspects ranging

from the type of scripts that should be written to how the test oracle can be defined

by comparing system under test outputs with expected results, as well as including the

management of tests and the evaluation of their quality. The realm of test develop-

ment formalisms and associated tools contains varied solution types: capture & replay

tools mostly used for GUI testing, programming language-specific test frameworks used

generally for unit testing, test languages, and more recent test modelling approaches

that favour model-driven engineering methodologies and technologies instead of test

implementation languages. Existing literature for test modelling is however limited,

representing only a small fragment of the large body of work on model-driven engineer-

ing.

Our work is in the field of test development formalisms. We focused on the ap-

plication of modern model-driven engineering methodologies and technologies in the

field of avionics embedded systems testing. Chapter 3 presents the specificities of our

industrial context, that justify and motivate the research direction proposed by this

thesis.
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3

Industrial Context

This chapter briefly introduces our industrial context: the in-the-loop integration test-

ing of avionics embedded systems. The analysis of the characteristics of our industrial

context justifies the fact that a new model-driven approach would be useful, and con-

sequently supports the relevance of the subject we chose to address in this document.

We do not enter into too much detail, focusing only on information that is necessary

for the understanding of the discussion of test languages that follows in the next chap-

ter. Section 3.1 presents the specificities of an avionics embedded system. Section 3.2

discusses the architecture of a simplified test platform connected to the system under

test. Section 3.3 overviews the evolving needs of the different actors in our industrial

field. The fact that existing test development solutions no longer respond to these

needs motivated our work. Section 3.4 concludes this chapter.

3.1 Avionics Embedded System

In this Section we discuss the specificities of avionics embedded systems: their life-

cycle (Subsection 3.1.1), interfaces (Subsection 3.1.2) and behaviour (Subsection 3.1.3).

We focus mostly on systems conforming to the Integrated Modular Avionics (IMA)

architecture [2].

3.1.1 Life-Cycle and Testing Activities

The verification and validation of an avionics embedded system involves a rigorous pro-

cess, with specific testing activities attached to the different life-cycle phases (for an

overview, see for example [108]). Figure 3.1 provides a schematic view of the life-cycle

of an avionics embedded system. After the system specification and design phases, soft-

ware and hardware components are developed and individually tested, before software

and hardware integration testing proceeds. At the end of the development process,
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the target system, together with additional avionic embedded systems and with hy-

draulic, mechanical and other systems, is embedded into an aircraft prototype (Iron

Bird). Later, a flight test program is performed. Once certification has been passed,

production and maintenance processes are entered. The application logic usually does

not need further functional validation, but hardware testing activities are still necessary

to reveal manufacturing and ageing problems.

Figure 3.1: System under Test Life-Cycle and Testing Activities -

Our work focuses on in-the-loop testing phases that occur during the development

process. We introduce their specificities below.

An avionics system is tightly coupled to its environment. Testing the functional

logic requires producing a large volume of data that, in the operational environment,

would come from other avionic systems and physical sensors.
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In-the-loop testing addresses this problem by having a model of the environment

to produce the data. The model of the environment receives the outputs of the system

under test (e.g., commands to actuators) and computes the next inputs accordingly. In

the case of a control system, computation must typically account for the physical rules

governing the dynamics of the controlled aircraft elements.

As shown in Figure 3.1, in-the-loop testing comes in various forms:

• model-in-the-loop (MiL),

• software-in-the-loop (SiL),

• hardware-in-the-loop (HiL).

MiL testing is performed at the early phases of system development: neither the soft-

ware, nor the hardware components exist yet, and the tested artefact is a model of the

system. In SiL testing, the actual software is considered. Re-targeting occurs when the

software is compiled for a different hardware than the target one (e.g. using a desktop

compiler). Re-hosting is preferred for better representativeness: the binary code is the

same as the one in the actual system, and it runs on an emulator of the target hardware.

Finally, HiL testing uses the actual software running on the target hardware.

For complex systems, the MiL/SiL/HiL classification might be too schematic. Hy-

brid forms of in-the-loop testing can be considered, where the tested artefact includes

system components having different levels of development. For example, one compo-

nent is included as a model (MiL), while another one is finalized (HiL). Integrating

components with such different levels may however raise difficult interconnection and

timing issues.

3.1.2 Interface Control Document (ICD)

The interfaces of an avionics embedded system are presented in an Interface Control

Document (ICD). This name is generic and does not define a standard. Each enterprise

is free to define its own ICD format, or even different formats for different aircraft

programs. Whatever the specific format, the document contains information on the

interfaces at several hierarchical levels (Figure 3.2).

At the lowest level, that of physical connections, the connectors of the system under

test are presented and given unique identifiers. The pins of each connector are presented

as well. Afterwards, the buses and lines that are attached to the physical connectors are

indicated. At a low logical level, the messages are mentioned. Finally, at the highest

logical level, the application parameters and signals are described. These represent the

data used and produced by the embedded software.

Several types of system network elements are used in the field of avionics for the

communication between components, such as the following communication buses:
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• Discrete,

• Analog,

• AFDX (Avionics Full-Duplex Switched Ethernet) [109],

• ARINC 429 (Aeronautical Radio, Incorporated) [110],

• MIL-STD-1553B [111],

• and others.

Figure 3.2: Interface Control Document Sample -

For example, let us assume that an avionic embedded component possesses on its

interface a connector conforming to the ARINC 429 standard. In turn, the ARINC

429 bus communicates several ARINC 429 labels, where each label determines the set

of application parameters that constitute the payload of the message. One of these

parameters could be the speed of the aircraft. Figure 3.2 shows what a corresponding

ICD would look like. In real life an ICD is complex and large, containing sometimes

tens of physical buses and thousands of application parameters.
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As mentioned before, the information is organized in a hierarchical manner inside

the ICD. There is a tree structure with connectors at the top and application param-

eters at the bottom. Because such parameters are functionally meaningful to avionics

engineers, they are often called engineer variables.

The ICD can contain additional information to that presented in the example, like

the data type of the application parameter, its maximum and minimum values, the

encoding that was used, or its value refresh rate. As many in-house formats of ICD

exist, the supplied information at the various levels can be more or less detailed. In

this paper, we assume that the available information is sufficient for a target perimeter

of tests.

In a system, several instances of a same application parameter can be present. For

example, such is the case when a component produces an application parameter that

is consumed by several neighbouring components. Note that the lower-level interfaces

can be of different types: AFDX or ARINC 429. Also, the component producing the

parameter may be duplicated within the system for redundancy purposes.

Usually a tuple is used in order to uniquely identify a particular instance of an

application parameter. In the above example of speed variable, a tuple could represent

a path in the tree-like structure of the ICD:

“SUT 1/ARINC 429 1/LABEL 1/AC SPEED”.

Some information in the path is redundant because of methodological constraints

(e.g., the name of each application parameter on a bus is unique). Hence, the long

identifier seen above can be shortened. A triplet usually suffices:

“SUT 1/ARINC 429 1/AC SPEED”.

Even short identifiers yield long names for application parameters. In test proce-

dures, it is often convenient to have aliasing mechanisms with symbolic names. The

manner in which ICD elements are accessed by a test platform is discussed in Section

3.2.

3.1.3 Reactive Behaviour

Components of an avionics system typically exhibit a predominantly cyclic behaviour,

where an execution cycle reads the input data and computes the output ones. For

example, the value of the speed of the aircraft is periodically sent by the producing

component to the consuming ones, with a period in the range of several milliseconds.

The consuming components expect to receive this data within the time constraints

imposed by the cyclic communication. They enter a specific error state if the commu-

nication with their environment does not respect the time constraints, usually within

some tolerance. For example, the component would not enter the error state on the
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first violation of the time constraint (i.e., a parameter arrives outside of its expected

reception time window, or does not arrive at all), but only if this violation is repeated

for a number of successive cycles.

Despite some tolerance, the system functionalities cannot be exercised unless all

input data from the environment are produced when expected from the components.

As already explained, this is the motivation for in-the-loop testing: the system under

test is coupled to a model of its environment.

It must be understood that the system under test and the model of its environment

together form a (cyclic) closed-loop system. The data that the system needs is already

produced internally, by the components of the system under test or by the model of the

environment. As such, a specificity of in-the-loop testing is that test actions include the

modification of already existing data. For example, data in transit over some system

network link is intercepted and afterwards removed or written in a modified form. The

data manipulation may expand several cycles. Asynchronous data can also be produced

by some components or inserted during the test execution phase for fault-injection

purposes. For this type of interactions with the system under test, information on the

sequencing of the transmission of the different data is important (i.e., the insertion of

an asynchronous message between two regular cyclic messages). Overall, in-the-loop

testing yields a completely different approach than the one used for testing open-loop

asynchronous distributed systems, where the asynchronous sending of a few messages

triggers the functional activity of an otherwise quiescent system.

3.2 Test Platform

A test platform for an avionics embedded system typically has the following components

(Figure 3.3):

• a test controller,

• some test resources,

• a test network,

• a the test language,

The processing of the test logic is usually centralised, with the test controller being

responsible for the automated execution of a test written in some supported test lan-

guage. As execution proceeds, commands are sent to test resources that perform the

actual interactions with the system under test. The test network has two portions, one

linking the test controller to the test resources (the test control network) and another

linking the test resources to the system under test (the test interaction network). By

means of the test resources and test interaction network, some communication points of
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the system under test are made accessible. Other resources may be needed for purposes

different from communication, such as ventilation units for controlling the temperature

of the system under test.

Figure 3.3: Test Platform Architecture Overview -

The ICD defines all communication points that could be made accessible for HiL

testing. A given HiL platform thus provides access to a subset of ICD elements, with

some control or observation capabilities attached to them. It may correspond to a black-

box or a grey-box view of the system (e.g., a grey-box view where a bus connecting

two internal components is accessed). Test resources include hardware devices such as

network cards.

MiL and SiL testing can involve access points that are not in the ICD. For example,

MiL testing typically uses an additional interface to control the execution of the system

model (e.g., start, pause, resume, and so forth) or even its internal state (e.g., force an

error state).

Conversely, some actions on ICD elements may have no counterpart in MiL/SiL

test platforms. For example, if the tested model only knows about abstract application
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parameters, bus message corruption actions are meaningless. In this case, test resources

are software resources; there is no need for a test network if everything runs on one

desktop computer.

As can be seen, there is a strong heterogeneity of the world of test platforms,

depending on the MiL/SiL/HiL testing activity in which they are used. Some test

actions are inherently not portable because they are too high-level or too low-level

for the tested artifact. Other test actions should be portable, like reading or writing

application parameters. Whether they are easily portable depends on the ability of the

test language to offer platform-independent abstractions, so as to hide the usage of test

resources.

3.3 Stakeholders and Evolving Needs

The in-the-loop integration testing of avionics systems involves the following types of

stakeholders:

• test solution providers,

• test solutions users:

– aircraft manufacturers,

– and avionic equipment providers.

We had the opportunity to discuss and collect the needs expressed by representatives

of all stakeholder types.

Historically, the aircraft manufacturer was in charge of all the integration activity

for avionics embedded systems. It received components from the aircraft equipment

provider. Then it integrated these into systems, until complete multi-system inte-

gration within the aircraft. Nowadays, there is a shift of activity from the aircraft

manufacturer towards the equipment providers, as the latter are asked to participate

in the first integration phase. Thus, the aircraft manufacturer would now directly re-

ceive an integrated avionic embedded system: the equipment providers are becoming

system providers. When looking at Figure 3.1, this developing business model (which

is a consequence of the introduction of IMA architectures [2]) can be visualized as a

tendency of the horizontal line delimiting the intervention of the providers to move

upward. The aircraft manufacturer historically has the needed expertise for setting up

the in-the-loop testing activity. This activity, now becoming the responsibility of an

avionics system provider, opens an opportunity for collaboration between the two. A

new type of interaction emerges, comprising the exchange of tests. Naturally, each ac-

tor has its own test languages, internal tools (e.g., test development environments) and

test platforms that it uses for testing. Inherent incompatibilities between them severely

26



3.4 Conclusion

limit the exchanges that can be done. In practice, the portability of tests from one en-

vironment to the other cannot be easily achieved. Portability needs also arise from

the obsolescence management of test platforms: for example, existing tests should be

reusable when changing a test resource on the test platform. To address these needs, a

key feature of test languages is their ability to offer platform-independent abstractions,

so as to hide the usage of test resources. Because of the multiplicity of proprietary test

development tools, test solution providers have to accommodate the different habits of

their customers. Customization is consequently demanded in order to allow the test

solution provider to cater to these individual habits. Maintainability is useful for up-

grading the test solution in a controlled manner, when demanded by a test solution

user.

No standard test language exists or is emerging for the in-the-loop testing of avion-

ics embedded systems. This contrasts other fields that use international standards,

for example: the Abbreviated Test Language for All Systems (ATLAS) [112] and the

Automatic Test Mark-up Language (ATML) [113] standards in hardware testing (pro-

duction and maintenance life-cycle phases) or the Testing and Test Control Notation

Version 3 (TTCN-3) [82] in the field of telecommunication protocols and distributed

systems. These standardized solutions are not designed to address the specificities of

our industrial context and as such are not directly reusable.

Other needs concern the capacity for the easy and rapid interpretation and writing of

tests by test engineers. Readability is demanded in order to allow different stakeholders

to understand one another’s tests. It is important that engineers or operators can

easily understand a test written in a language. Writability refers to the ease of defining

a test: the productivity of test engineers (i.e., number of lines of code by unit of

time) and the quality of the test (i.e., reduction of programming errors). Writability

is all the more important as test engineers are experts in avionics systems and not

in general-purpose programming languages. This should be in favour of high-level,

domain-specific, solutions.

All of these requirements motivated the investigation of test platform-independent,

high-level, descriptions of tests with automated code generation facilities. Our work

focuses on the introduction of model-driven engineering to the development of tests for

in-the-loop testing of avionic embedded systems.

3.4 Conclusion

In this chapter we presented the industrial context of the doctoral thesis: the specifici-

ties of avionics embedded systems (life-cycle, interfaces and behaviour), their associated

test platforms, together with the evolving needs expressed by stakeholders in this field:

aircraft manufacturers, equipment/system providers and test solution providers.
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This industrial context is complex:

• the SUT is verified at different maturity levels (model/software/hardware-in-the-

loop),

• the SUT has a wide range of interface types at multiple hierarchical levels, orga-

nized in an ICD,

• a high number of stakeholders interact (aircraft manufacturers, equipment/system

providers, test solution providers), each with its own habits and tools.

Existing test languages no longer respond to the complexity of the industrial context

and to the needs expressed by the stakeholders. Moreover, test developers do not have

access to the latest advances in software engineering, such as model-driven engineering.

The transfer of these technologies from the software engineering domain to the field of

test development for avionics embedded systems was investigated during this doctoral

thesis.

Test models would thus become central to the test development activity, replacing

current approaches where the test code occupies this position. The shift is driven by

the perception that test software is indeed software, and that test development can

benefit from advanced software engineering methodologies and technologies [92], such

as meta-modelling techniques and model-to-code transformations. The foundation of

model-driven engineering is the meta-model, that constraints the definition of models

in the same manner that a programming language grammar constraints the definition

of code. In order to be able to define our own meta-model, specific to the in-the-loop

testing of avionics embedded systems, we analysed a sample of test languages. It allowed

us to identify the key domain-specific concepts and their relations, best practices, as

well as problems that should be avoided. We present this analysis next, in Chapter 4.
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4

Test Languages Analysis

We present and analyse here a sample of six test languages. We chose four proprietary

test languages used in our industrial context (in-the-loop testing of avionics embedded

systems), together with two additional test languages issued from other fields. The

latter two test languages were chosen for comparison purposes. This analysis allowed

us to identify the set of domain-specific features that were integrated inside the test

meta-model underlying our model-driven approach. Furthermore, this analysis also

allowed us to identify best practices, as well as pitfalls to avoid.

Section 4.1 introduces our sample of six test languages and outlines our approach

for their analysis.

Section 4.2 discusses generic features exhibited by the different test languages:

whether they are compiled/interpreted, based on existing general-purpose program-

ming languages or defined from scratch, and so forth.

Sections 4.3 to 4.6 discuss test-related features. We identified four broad categories:

• the organization of the tests (Section 4.3),

• the abstraction and access to the interfaces of the SUT (Section 4.4),

• the language instructions for performing test control and test interaction actions

(Section 4.5),

• the management of time (Section 4.6).

Section 4.7 presents a synthesis of the principles that guided our meta-modelling

work, based on the results of the test languages analysis.

Section 4.8 concludes this chapter.
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4.1 Test Languages Sample

The sample of test languages includes:

• four proprietary languages from the avionics domain, which shall be named PL1,

PL2, PL3 and PL4,

• TestML [114] from the automotive domain,

• Testing and Test Control Notation Version 3 (TTCN-3) [82, 83] from the net-

working and telecommunication domain.

The four proprietary test languages, from PL1 to PL4, are languages currently em-

ployed in the avionics industry. They have been chosen because they are representative

of the practice among Cassidian Test & Services partners. The first one represents the

offer of Cassidian Test & Services on the U-TEST Real-Time System [3] integration

test platform. The identity of the three others cannot be disclosed. To the best of our

knowledge, no public test language exists that shows all the characteristics exhibited by

these four, and as such, their inclusion was deemed necessary. The fact that we cannot

disclose some information does not have a strong impact on this chapter, as our interest

is to discuss general concepts and features of test languages. In the discussion, we will

feel free to use examples of pseudo-code. They will not disclose the precise syntax of

proprietary languages but suffice to capture the essence of the identified features.

For comparison purposes, the sample also includes two languages outside the field

of avionics: TestML and TTCN-3. We did not include any of the test languages that

were mentioned in Section 2.4, with the exception of TTCN-3, either because they are

not related to our industrial context (e.g., targeting software unit testing) or because

information concerning them is limited.

TestML is issued from a research project in the automotive domain. Its aim was to

investigate the design of an exchange language, in the sense shown by Figure 4.1. The

multiplicity of proprietary languages yields the need for many language translators,

but if a common exchange language is used then the number of required translators

is reduced. TestML is the only language of our sample that is not operationally used

in the industry. It is a research product and its connection to proprietary languages

is not implemented. However, it represents an attempt to synthesize concerns arising

from the in-the-loop testing practice, so its consideration was deemed relevant to us.

As shown in Table 4.1, the test languages from PL1 to PL4 and TestML exemplify

the various forms of in-the-loop testing of embedded systems. TTCN-3 serves a different

purpose, being used in the testing of distributed systems and communication protocols.

It is included in our sample because avionics embedded systems are also distributed

systems, and their communication is based on interfaces conforming to a wide range
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4.1 Test Languages Sample

Figure 4.1: Test Exchange Language -

of communication protocols. It is thus interesting to look at best testing practice in

the field. The maturity of TTCN-3, which is an international standard and at its third

release, justified its consideration.

The following types of data were available for the different test languages:

• test language documentation and user manuals (PL1, PL3 and PL4), private

presentations (PL2),

• published articles and books (TestML and TTCN-3),

• test procedures written in test languages (PL1 and PL3),

• associated dedicated test development environments (PL1 and PL4), as well as

test platform-specific configuration files (PL1).

We also had access to real test specifications written in natural language (English,

French).

Let us discuss the methodology that guided our test languages analysis. Our ap-

proach was to identify the features that the test languages in our sample offer, together

with the similarities and the differences of the manner in which they are offered. In

case a feature was not offered by some test language or offered in different manners, we

contacted test engineers for clarifications. These discussions with test engineers also

allowed us to identify the specific needs to which test features respond. In addition,

usage problems encountered by test engineers when accessing the features were also

discussed. Consequently, we were able to identify best practices and pitfalls to avoid.

Moreover, our interaction with test engineers made it possible to identify new desirable

features that a future test implementation solution should include.

The features we analysed are synthesised in diagrammatic views that appear at the

beginning of each following section. We conclude each section with a synthesis of our

main findings in the form of bullet-lists. First we discuss some generic features that the
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test languages exhibit (Section 4.2), continuing with the test-related features (Sections

4.3 to 4.6).

4.2 Generic Features

Table 4.1 gives an overview of the generic features exhibited by the test languages in

our sample.

Table 4.1: Test Languages Generic Features

From the six test languages in Table 4.1, three are built upon existing general-

purpose programming languages (GPPL), while three have been defined from scratch.

PL1, PL2 and PL3 fall in the first category. They are based on object-oriented (OOPL)

or high-level scripting (HSPL) programming languages. For example, C++ and Java

are of the OOPL type, while Python is a HSPL. Given a general-purpose language, two

options exist to build the test language:

• the modification of the grammar,

• the definition of specialized libraries.

Both options appear in Table 4.1. Test procedures in PL2 require some pre-

processing before they are fed to the interpreter of the language on which they are

based, because the grammar is modified. Test procedures in PL1 and PL3 are pro-

cessed by a standard version of compiler/interpreter.
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PL4, TestML and TTCN-3 have been specified from scratch. PL4 and TTCN-3

are imperative languages with their specific grammar and compilation/interpretation

tools. A standard implementation is defined for TTCN-3 in [87]. This implementation

is typically done either in C++ or Java. TestML is a mark-up language based on

XML Schemas [115], and uses automata descriptions to capture the behavioural part

of the test. It is not an executable language, although a MATLAB Simulink (with

the extension Stateflow) [116] implementation of the automata has been proposed to

demonstrate the semantics.

The reason for using GPPL-based test languages is that they offer access to a

wide number reusable elements: generic functionalities (e.g., declaration of variables,

logical and mathematical expressions) and tools (e.g., compilers, interpreters, integrated

development environments). Moreover, test engineers familiar with existing GPPL

languages can rapidly start using them. A drawback is that the test code is usually

not concise, the users having to express the test concepts in terms of generic language

elements.

In contrast, specific test languages offer an industrial context-specific vocabulary

and are more concise than GPPL-based test languages. In order to bridge this gap,

the latter category of test languages has to rely on automatic code generation or on

language pre-processing techniques. In PL1, code skeletons are generated, so that the

test engineer may focus on writing the logic of the test. In PL2, a pre-processing

step allows the use of a specialised syntax. However, in practice many PL2 facilities

are offered in libraries rather than in new syntactic keywords. The source code still

exhibits the idiosyncrasies of the native language.

The comparison between TestML and the other languages raises the issue of the

choice of the language paradigm. A distinguishing feature of TestML is its model-

based paradigm with the choice of hybrid timed automata. We believe that the use

of the timed automata abstraction, although clear and rich in its semantics, would

not be a preferred choice among our partners, as all the proprietary test languages in

our sample propose an imperative programming paradigm. For better readability and

writability of the test code, it is definitely preferable to have a language at a higher level

of abstraction than say, a GPPL. However, for better acceptance by test engineers, the

proposed solution should accommodate the existing custom and practice. The TTCN-3

approach could be seen as a good compromise in its domain of application, combining

convenient high-level constructs and an imperative style familiar to engineers.

TTCN-3 is the only test language in our sample that has a standardized implemen-

tation, with a clear separation being offered between the generic execution kernel of

the test language and all platform-specific adapters [87]. We did not have access to

information concerning the implementation choices of test languages outside Cassidian

Test & Services. As such, we do not discuss this issue further here.
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Key Ideas

I Specific test languages offer a customizable, concise, high-level, domain-specific

vocabulary.

I GPPL-based test languages enable the reuse of existing functionalities and tools.

I Interpreted test languages do not require a new compilation step each time the

code is modified.

I Current practice, among Cassidian Test & Services partners, favours an impera-

tive programming paradigm.

I A test platform-independent approach, with a clear separation between the test

language kernel and the test platform-specific adapters is desirable.

4.3 Test Organization

Figure 4.2 gives an overview of the organization types that can exist for test artefacts.

Intra-test organization refers to the structured description of a test. Inter-test

organization refers to the organization of individual tests into higher-level containers

(i.e., sets of tests).

We focus here on intra-test organization, because inter-test organization is typically

managed by external tools. For example, a test manager (or test director) is in charge

of the organization of tests into structured test groups where all tests in a test group

share a specific quality (e.g., they concern the same system under test, the same func-

tionality, the same requirement). A test sequencer controls the organization of tests

into test suites, where the execution of tests is ordered in a specific manner (e.g., using

a test execution tree). Inter-test organization is thus not a major concern for the test

languages, although integrating it with existing intra-test organization features could

be useful in order to gain in homogeneity.

A simple form of intra-test organization is the capacity to factorize reusable code

fragments into functions (or procedures, or class methods). All languages possess this

feature, except for TestML that does not resemble a programming language. The

use of functions, allowing for code reuse by means of a concise manipulation, is only

a first facility. We discuss next more complex facilities: the semantic organization

of instructions (Subsection 4.3.1) and the thread of control organization (Subsection

4.3.2).
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Figure 4.2: Tests Organization -

4.3.1 Semantic Organization of Instructions

Another test organization form is to allow the regrouping of similar types of instructions

within test sections, in relation to the different steps that are performed during the

testing activity. Test sections appear as distinct parts of test specifications. Test

engineers use annotation-based methodologies in order to map this organization onto

their test procedures: comments inside the test code separate test sections.

Useful test sections include test identification information that appears as a test

header (e.g., the name of the test, the targeted SUT, the author of the test), pre-test

actions (e.g., powering up the SUT, reaching a desired SUT state before the execution

of the test), test behaviour (e.g., the stimulation of the SUT, the analysis of the SUT

behaviour) or post-test actions (e.g., powering down the SUT).

Being a mark-up language, TestML has this form of organization but is the only

language of the sample that includes it inside the language, not having to rely on

comment writing methodologies. TestML has markup elements in order to stimulate

the system under test, capture data and evaluate its behaviour.

As a test can be a quite complex artefact, convenient test section features are crucial

for both readability and writability of the code. The concept of test sections allows test

engineers to easily find the information they are looking for inside a test, by searching

for the test section that is supposed/or most likely to contain it. This organization

type also aids in the comprehension of a test, as all the instructions that produce a

specific part of the test behaviour are regrouped. Moreover, the separation of a test

into predefined test sections forces the test engineer to enter all the needed data and

to not forget important information (e.g., the initialization of a test).
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Key Ideas

I Test sections are useful for the identification of a test - acting as a test header,
as well as for the organization of the behaviour of a test.

I Test sections can be defined following an annotation-based methodology or by
integrating them inside the test language.

4.3.2 Thread of Control Organization

The last form of intra-test organization we consider is very important for addressing

complex test architectures. It consists of the possibility of having several active parallel

test components, each possessing an independent execution flow. All languages of the

sample have this functionality, but there are discrepancies between what is concretely

offered (Figure 4.3).

Figure 4.3: Thread of Control Organization -

Two types of thread of control exist: explicit and implicit. Explicit thread of

control offers test engineers the capacity to define their own behaviour for parallel test

components and control their execution: start, stop and pause them. Implicit thread of

control offers test engineers access only to predefined behavioural patterns (e.g., ramp,

sine signals) by means of high-level instructions, which hide the multi-threading aspect

that is delegated to the test platform run-time. For example, an instruction for applying

a ramp stimulation on an application parameter launches a new background thread,

which computes and sets a new value at each execution cycle. We focus here on explicit

thread of control, with implicit thread of control (in the form of time-dependant SUT

stimulation instructions) being discussed in Subsection 4.5.1.
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PL3 has no specific notion of test component, but it offers the native multi-threading/multi-

processing facilities of the language on which it is based. PL2 has a big main component

and a set of small concurrent test monitors with a behaviour of the form: condition

→ action. The action can be a log or a simple input stimulation. PL4 has commands

to load and launch concurrent test scripts from another test script, as well as peri-

odically execute a test script. Concurrent test scripts may be synchronized by events

(e.g., sendEvent(), waitEvent() instructions). PL1, TestML and TTCN-3 offer the

richest notion of test component with a symbolic connection interface. TestML has

concurrency at a high level of abstraction, in the embedded automata models. PL1

and TTCN-3 have concrete components concurrently executing their sequential code.

They both make it possible to have several instances of a generic test component, each

involving its connections with other test component instances or the system under test.

In addition, PL1 test components can also execute their behaviour periodically, mim-

icking the cyclic behaviour of the system under test. This functionality is useful for the

development of environment models that must have the same reactive cyclic behaviour

as the SUT, as well as for the definition of complex SUT stimulations that need to be

recalculated at each execution cycle (Subsection 4.5.1).

Listings 4.1 to 4.3 illustrate the concept of test component, as offered by PL1 and

TTCN-3.

In TTCN-3 (Listing 4.1), a test case always has a main test component (MTC).

The MTC instance is implicitly created when the test case starts. Instances of auxiliary

parallel components can then be explicitly created by the test case. The topology of the

connections (test architecture) is dynamically determined by means of connect() and

map() operations, depending on whether the connection is with other test components

or the system under test. None of the proprietary test languages exhibits the dynamic

mapping facility of TTCN-3. The test architecture is always static, as is also the

architecture of the system under test.

The start() operation (Listing 4.1) launches the execution of some behaviour

by the target component. Note how the behaviour is passed as a function reference

parameter.
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1 /∗ The d e c l a r a t i o n o f a t e s t component p o s s e s s i n g two por t s ∗/
type component myMTCType 1 {

3 myPortType 1 myPort 1 ;
myPortType 2 myPort 2 ;

5 }

7 /∗ A t e s t case with an a u x i l i a r y t e s t component ∗/
t e s t c a s e myTestCase 1 ( )

9 runs on myMTCType 1 // type o f the MTC as seen above
system mySUTType // SUT i n t e r f a c e s

11 {

13 /∗ Creat ion o f an a u x i l i a r y p a r a l l e l t e s t component ∗/
var component myComp 1 := myCompType 1 . c r e a t e ( ) ;

15

/∗ Connection between the MTC and a p a r a l l e l t e s t component ∗/
17 connect (myComp 1 . myPort 1 , s e l f . myPort 2 ) ;

19 /∗ Connection to the SUT ∗/
map( s e l f . myPort 1 , system . por t 1 ) ;

21 map(myComp 1 . myPort 2 , system . por t 2 ) ;

23 /∗ Sta r t i ng the p a r a l l e l t e s t component ∗/
myComp 1 . s t a r t ( myBehavior ( ) ) ;

25 . . .
}

Listing 4.1: Test Components in TTCN-3

In PL1, generic test components are called user codes (Listing 4.2). There are also

simpler (non-generic) monitors similar to the ones in PL2, except that their action can

also be the start of another component. PL1 has no distinguished main component:

from the point of view of the runtime, all user code instances and monitors are “equal

citizens”, whose concurrent behaviour yields a test case. The PL1 user codes commu-

nicate via shared data. A subset of them will be active at the beginning of the test; the

other ones will be started by the actions of the active subset. Libraries are provided

to control the execution of components (see userCodeToolkit in Listing 4.2). The

language environment offers a graphical user-interface (GUI) to develop structural test

elements, such as test monitors and user codes, with code generation facilities (code

skeletons, in the case of user codes). The GUI also allows for the declaration of user

code instances. The overall topology of the connections is saved in an XML [73] config-

uration file (Listing 4.3). The topology description is thus not part of the source code

of components. Neither the connect nor the map commands are present in PL1, as the

runtime interprets the XML file to build the configuration.
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/∗ A user code has an i n t e r f a c e and a behaviour ∗/
2

/∗ The i n t e r f a c e code i s automat i ca l l y generated from i t s s p e c i f i c a t i o n
v ia the GUI ∗/

4 c l a s s myInter face : pub l i c userCodeInter faceBase
{

6 /∗ I n t e r f a c e d e f i n i t i o n ∗/
pub l i c :

8 var iab leType 1 inputVar i ab l e 1 ;
var iab leType 2 outputVar iab le 1 ;

10

/∗ Methods to i n i t i a l i z e and handle the i n t e r f a c e ∗/
12 . . .
}

14

/∗ A s k e l e t o n f o r the behavior i s a l s o generated ∗/
16 c l a s s myBehavior : pub l i c userCodeBehaviorBase
{

18 p r i v a t e :
smartPointer<MyInterface> myInter facePo inter ;

20

pub l i c :
22 execut i onResu l t s tep ( ) {

24 /∗ The t e s t behavior must be placed here ∗/
myInter facePointer−>outputVar iab le 1 = 1 ;

26 userCodeToolk it . s t a r t I n s t a n c e ( ” instanceName2” ) ;
. . .

28 } ;
. . .

30 }

Listing 4.2: User-Codes in PL1

Test component constructs have the advantage of hiding low-level thread control

functionalities. We have extracted two important ideas from our analysis of the exist-

ing constructs. The first one deals with the need for formal interfaces, so that multiple

instances of a component can exist in the test architecture. The second one is the

possibility to accommodate both complex and simple component constructs. The com-

plex construct is the most general one, but test engineers find it convenient to also

have a predefined test monitor construct. It lets them easily express the test logic: the

observation of conditions and the reactions to trigger when these conditions occur.

We have also seen that some test languages benefit from rich test development

environments offering the user the possibility to define in a GUI some of the structural

elements related to a test. For example, PL1 users can instantiate their user codes, link

their formal interfaces using such a GUI and afterwards complete the automatically

generated code skeletons with the associated behaviour.
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/∗ Dec la ra t i on o f an in s t ance o f myBehavior , which w i l l be a c t i v e from the
beg inning o f the t e s t ( a u t o s t a r t = ” true ”) . ∗/

2 <userCodeInstanceDec la rat ion userCodeInstanceName = ” instanceName1”
userCodeName = ”myBehavior” a u t o s t a r t = ” true ”/>

4 /∗ Dec la ra t i on o f ” instanceName2” would be s i m i l a r but with a u t o s t a r t = ”
f a l s e ” ∗/

6 /∗ Test connec t i ons ∗/
<userCodeLinkVar iables userCodeInstanceName = ” instanceName1”>

8

/∗ Connection to SUT i s v ia ICD elements ∗/
10 <Link localName = ” inputVar i ab l e 1 ” globalName = ”SUT 1/ARINC 429 1/

LABEL 1/AC SPEED” />

12 /∗ Connection to other user−code i n s t a n c e s i s v ia shared a u x i l i a r y
v a r i a b l e s . ∗/

<Link localName = ” outputVar iab le 1 ” globalName = ” auxVar iab le 1 ” />
14

</userCodeLinkVariables>
16 . . .

Listing 4.3: XML Topology Configuration for the PL1 Runtime

Key Ideas

I Two types of thread of control have been identified: explicit (test engineers define

the parallel behaviour and control its execution) and implicit (test engineers use

predefined timed instructions, such as a ramp stimulation).

I High-level constructs, like test components, hide the multi-threading implemen-

tation details.

I Inter-test-component communication may use events or shared data.

I Formal interfaces allow the reuse and the multiple instantiation of test compo-

nents.

I Different types of test components are used, such as: periodic test components

(for environment model development and complex SUT stimulations) and test

monitors (for enhanced test logic visibility).

I The behavioural and structural concepts can be separated, with automatic code

generation for the latter ones.

I The architecture of links between test components is static in our industrial con-

text.
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4.4 Link with System under Test Interfaces

An overview of the different features related to the link with the system under test can

be found in Figure 4.4.

Figure 4.4: Link with the System under Test Interfaces -

4.4.1 Targeted ICD Hierarchical Levels and Interface Abstraction

All languages of the sample have a logical view of the system interface abstracting away

from the concrete access points. We saw the example of TTCN-3 in Listing 4.1. The

SUT is viewed as a specific system component offering typed communication ports.

Test component ports can be dynamically mapped to the system logical ports, yielding

a dynamic test architecture. The TTCN-3 executable uses the services of a separate

test adapter layer to implement the concrete communication operations. It makes the

test procedures portable and independent of the test platform implementation. The

multi-layered architecture of a TTCN-3 test system is standardized, with well-defined

interfaces between layers [87].

The test languages for in-the-loop testing also hide the implementation details of

the platform, although not in a standardized way. They access the SUT interfaces by

means of ICD-derived identifiers. Their system logical interface consists of application

parameters (all languages) and possibly lower-level ICD elements (PL1, PL3 and PL4).

Languages focusing on application parameters only are targeting MiL testing (PL2),

or intend to describe test procedures meaningful whatever the MiL/SiL/HiL form of

testing (TestML). The other languages seek to also address the specificities of HiL

testing, hence the visibility of ICD elements like buses or messages.

None of the languages exhibits the dynamic mapping facility of TTCN-3. The test

architecture is always static, as is also the architecture of the system under test. When
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test components have a symbolic interface (PL1, TestML), the mapping with the logical

system interface is described once and for all in an XML-based format (see Listing 4.3).

Key Ideas

I The SUT interfaces are always abstracted via ICD-derived identifiers.

I The architecture that links test component interfaces and SUT interfaces is static

in our industrial context.

4.4.2 SUT Interface Element Identifiers and Access

On overview of the manner in which the SUT interfaces are accessed can be found in

Figure 4.5.

Figure 4.5: Access to the System under Test Interfaces -

All languages for in-the-loop testing have a notion of dictionary of available appli-

cation parameters. In the avionic domain, the names in the dictionary are usually built

by parsing the tree-like structure of an ICD document. As mentioned previously, a

name may include the complete tuple (the long identifier) or a triplet (the short identi-

fier) that suffices to uniquely identify the application parameters. Aliasing mechanisms

may be provided in order to further shorten names.

How a source code uses a name to access an application parameter varies from

one language to the other. In PL1, the dictionary is an external service to which data

accessors are requested. This explicit request for accessors was required for performance

issues. At the opposite, PL3 has a global dictionary structure directly accessible in the

execution environment of the test. PL2 and PL4 represent intermediate language design

choices. The source code does not explicitly handle accessors, but a specific symbol
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(PL2) or an access declaration instruction (PL4) indicates the special access. Listings

4.4 to 4.7 show examples for the various possibilities.

Listings 4.8 and 4.9 exemplify access to other ICD hierarchical levels. We focused

on PL1 and PL4, as PL3 offers much less accessibility than the former two. In general,

buses and messages are accessed for fault injection at a low level. PL3 is more oriented

toward testing high-level functionalities of systems-of-systems, and its users preferably

have external tools for low-level tests (e.g., a bus analyser/exerciser).

/∗ An a c c e s s o r to the l i nked a p p l i c a t i o n parameter i s g iven at the
c r e a t i o n o f the user−code i n t e r f a c e ob j e c t . Other a p p l i c a t i o n
parameters can a l s o be accessed , but then the user−code behaviour
needs to ask f o r an a c c e s s o r . ∗/

2 v a r i a b l e T o o l k i t . i n i t L i n k ( ”SUT 1/ARINC 429 1/LABEL 1/AC SPEED” ) ;

4 myAccessor = appParameterToolkit . ge tAcces sor ( ”SUT 1/ARINC 429 1/LABEL 1/
AC SPEED” ) ;

6 myAccessor . setValue ( newValue ) ; // Writes the a p p l i c a t i o n parameter
myAccessor . getValue(&x , &timestamp ) ; // Reads i t in x

8

∗/ More complex t e s t a c t i o n s use e i t h e r the name : ∗/
10 v a r i a b l e T o o l k i t . t e s tAct i on ( ”SUT 1/ARINC 429 1/LABEL 1/AC SPEED” ) ;

12 /∗ or the a c c e s s o r as a parameter : ∗/
othe rToo lk i t . otherTestAct ion ( myAccessor ) ;

Listing 4.4: Access to SUT Application Parameters in PL1

1 /∗ Access i s granted to any a p p l i c a t i o n parameter , i t i s denoted by a
s p e c i a l cha rac t e r ”@” f o r the t e s t language pre−pro c e s s o r . ∗/

x = @modelSUT 1/AC SPEED;
3 @modelSUT 1/AC SPEED = 0 ;

5 /∗ More complex t e s t a c t i o n s use the a p p l i c a t i o n parameter i d e n t i f i e r as a
parameter , not the a c c e s s o r ∗/

aToo lk i t . t e s tAct i on ( ”modelSUT 1/AC SPEED” ) ;
7

/∗ Access i s a l s o g iven to the s t a t u s v a r i a b l e s o f the system models (MiL
t e s t i n g a c t i v i t y ) ∗/

9 i sStatusRunning = @modelSUT 1/Running ;

Listing 4.5: Access to SUT Application Parameters in PL2
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1 /∗ A d i c t i o n a r y data s t r u c t u r e i s provided as a g l o b a l v a r i a b l e in the
execut ion environment . An a l i a s s e t s t r u c t u r e may be de f ined to a l low
index ing by shor t names . ∗/

a l i a s S e t = { [ S U T 1 /ARINC 429 1/ AC SPEED ]= { a l i a s = ”myAlias”}}
3

x = d i c t i o n a r y . myAlias ;
5 d i c t i o n a r y . myAlias = 0 ;

t e s tAct i on ( d i c t i o n a r y . myAlias ) ;

Listing 4.6: Access to SUT Application Parameters in PL3

/∗ Access i s gained by the d e c l a r a t i o n o f the needed a p p l i c a t i o n
parameters . An a l i a s may be introduced by the d e c l a r a t i o n i n s t r u c t i o n .
∗/

2 a c c e s s eng inee rVar i ab l e ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ as myAlias ;

4 x = myAlias ;
myAlias = 0 ;

6 aToo lk i t . t e s tAct i on ( myAlias ) ;

Listing 4.7: Access to SUT Application Parameters in PL4

/∗ A bus a c c e s s o r i s used to get a message a c c e s s o r ∗/
2 myBusAccessor = A429Toolkit . ge tAcces sor ( ”SUT 1/ARINC 429 1” ) ;

myMsgAccessor = myBusAccessor . ge tAcces sor ( ”LABEL 1” ) ;
4

/∗ Test a c t i o n s are attached to the a c c e s s o r s ∗/
6 MyBusAccessor . t e s tAct i on ( ) ;

MyMsgAccessor . t e s tAct i on ( ) ;

Listing 4.8: Access to Lower-Level ICD Hierarchical Levels PL1

1 /∗ Bus and message have two independent a c c e s s o r s ∗/
a c c e s s bus ’SUT 1/ARINC 429 1 ’ as myBusAlias ;

3 a c c e s s message ’SUT 1/ARINC 429 1/LABEL 1 ’ as myMsgAlias ;

5 /∗ Test a c t i o n s are in independent t o o l k i t s ∗/
busToolk i t . testAct ionBus ( myBusAlias ) ;

7 msgToolkit . testActionMsg ( myMsgAlias ) ;

Listing 4.9: Access to Lower-Level ICD Hierarchical Levels PL4

In PL1 and PL4, users have the possibility to control both the functional activity

and the faults. Bus and message names are built from the ICD document, similarly to

what we saw for engineer variables. It is interesting to note that the structure of the

ICD is only partially reflected by the languages. In PL1, gaining a bus accessor does not

automatically provide access to its messages, although the bus accessor is used to get

a message accessor. In PL4, the bus and message levels are kept completely separated.

In both languages, the engineer variable level is separated from the other ones.

Having an abstract interface in terms of ICD elements allows the test description to

be independent from test platform implementation details. The runtime of the various
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test languages interprets the abstract test actions into concrete test actions involving

test resources. The runtime knows which test resource manages a given low-level ICD

element (e.g., which communication card manages the communication bus on which a

variable is sent). In the case of PL1, the configuration is described in an XML file. For

each category of test resource, the PL1 runtime implementation uses a generic interface

that hides the vendor-specific interface. We do not comment on the management of

test resources in the case of the other test languages, as we did not have sufficiently

detailed information.

We observed a great deal of heterogeneity concerning the way access is offered,

sometimes for a same hierarchical level and sometimes between different levels. For

example, PL1 and PL2 offer two ways to access application parameters: sometimes by

means of accessors, sometimes by means of a name passed as a string parameter to the

action. The first approach is cumbersome unless syntactic facilities are provided to hide

the handling of accessors. The latter approach with strings has the drawback that static

type-checking is not done, which is error-prone (e.g., it is possible to perform an access

demand for a non-existent SUT interface). PL3 offers an interesting solution devoid

of explicit accessors and string parameters: all application parameters are directly

accessible as global variables in the test execution environment. This facility is however

only for application parameters. When descending at lower levels of the ICD hierarchy,

we once again find the string parameter solution.

Key Ideas

I Heterogeneous SUT interfaces access mechanisms exist, between different ICD

hierarchical levels as well as for a same ICD hierarchical level.

I The structure of the ICD is only partially reflected by the test language constructs.

I Using the identifiers of ICD elements as string parameters does not allow static

type-checking.

I The global access to ICD elements feature is convenient.

4.5 Test Language Instructions

An overview of the different features exhibited by test-related instructions can be found

in Figure 4.6.

The main test-related instructions categories are: test/simulation execution con-

trol, system under test interaction (Subsection 4.5.1) and test verdict management

(Subsection 4.5.2) instructions.
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Figure 4.6: Test Language Instructions -

We saw an example of test execution control with the start instruction in Listings

4.1 and 4.2. All test languages have instructions to control the execution of a test. The

control may also involve timing aspects such as a periodic activation of the test code.

These aspects are relevant to stimulate cyclic embedded systems. Besides parallel test

components, execution control may also concern the system under test, but this is only

for the MiL form of testing: PL2 has specific instructions to control and synchronize

the execution of the system models. In the sequel, we focus on the test interactions

with the SUT and on the test verdict management.

4.5.1 System under Test Interaction

An overview of the different features related to the SUT interaction instructions can

be found in Figure 4.7.

There are interesting differences between TTCN-3 and the test languages targeting

embedded systems. While the latter test languages offer a large number of different

instructions, TTCN-3 abstracts all interactions into a small number of core instructions:

send and receive for message-based communication, call and reply for synchronous

communication with remote services.

Remote calls have no equivalent in the other languages of the sample, because the

target embedded systems do not implement this form of communication. They only

have message-based communication. Yet, most test interactions are not defined in

terms of sending and receiving messages. Rather, they are defined in terms of reading,

writing or modifying the value of engineer variables. The variables are an abstraction

for the data carried by messages. The underlying message-based interactions with the

system under test are implicit in the test description; they are delegated to the test

language runtime.

The most basic form of application parameter interaction is to read or write a

value. For this, simple assignment is offered as a syntactic facility. We saw examples
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Figure 4.7: System under Test Interaction Instructions -
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in Listings 4.5 to 4.7 for PL2, PL3 and PL4. In PL1, for which application parameter

accessors are explicit, only a restricted form of assignment is provided. It involves a

local copy of the variable and an automatic synchronization with the global one at

fixed execution points. For example, in Listing 4.2, outputV ariable1 is synchronized

with the global variable before and after each execution of the step() method. In

the general case where finer synchronization is needed, the PL1 code uses the get and

set methods of the application parameter accessors, not the assignment. Whatever the

language, a write forces a value until another value is written or the writing is explicitly

disabled. The runtime of the various test languages interprets the abstract test actions

into concrete test actions involving test resources. At a concrete level, variables are

managed differently according to their sampling or queuing mode, which is specified

in the ICD document. In the sampling mode, the data is sent or received periodically

even if no explicit test action writes or reads it. In the queuing mode, the data is

asynchronous (i.e., an abstract write action triggers the sending of a specific message).

In addition to the simple read and write, all in-the-loop testing languages of the

sample offer a rich set of predefined application parameter interactions. They typically

include stimulation patterns over time, like ramp, oscillation, triangle or square pat-

terns. Listings 4.10 to 4.12 exemplify the ramp pattern where the successive values of

the ramp are calculated from a start value. Other patterns depend on the current value

of the variable, like the one injecting an offset (Listing 4.10).

1 /∗ A ramp s i g n a l as a parametr ic func t i on ∗/
s t i m u l a t i o n T o o l k i t . applyRamp ( myAccessor , s tartValue , endValue , durat ion ) ;

3

/∗ I n j e c t i n g an o f f s e t on an a p p l i c a t i o n parameter ∗/
5 v a r i a b l e T o o l k i t . i n j e c t i o n ( ”aVariableName” , ” o f f s e t ” , o f f s e tVa lue ,

l i s tOfParamete r s ) ;

Listing 4.10: Application Parameter Interactions in PL1

1 /∗ A ramp s i g n a l with a formula i n t e r p r e t e r ∗/
Formula formula = new Formula ( ”2∗@t + 1” ) ;

3 St imulat ion s t imulus = new St imulat ion ( ) ;

5 s t imulus . d e f i n e ( ”modelSUT 1/AC SPEED” , formula ) ;
s t imulus . s t a r t ( ) ;

Listing 4.11: Application Parameter Interactions in PL2
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/∗ A ramp s i g n a l de f ined us ing mark−up elements ∗/
2 <s i g n a l ID = ”AC SPEED” type = ” double ”>

<time> <unit> second </unit>
4 <double><value> 4 </value></double>

</time>
6 <ramp>

<s ta r t>
8 <double><value> 1 </value></double>

</s ta r t>
10 <end>

<double><value> 9 </value></double>
12 </end>

</s i gna l>

Listing 4.12: Application Parameter Interactions in TestML

PL1, PL3 and PL4 have fault injection instructions not only for variables, but also

for other ICD elements like messages and buses. In PL3, the instructions are kept basic

(e.g., stop any message emission on the bus) because external injection tools are used

in complex cases. PL1 and PL4 allow for richer fault injection from the language, like

modifying the content of a message or sending spurious messages. PL4 has made the

choice of offering generic injection libraries, while PL1 has specialized ones according

to the type of bus. Let us consider the example of message corruption. PL1 takes

advantage of the knowledge of the encoding format (e.g., it offers an instruction to

change a specific status bit in an ARINC 429 message). PL4 sees messages as raw bit

vectors and provides a generic instruction to overwrite a vector.

As we have seen, languages for in-the-loop testing put emphasis on data manipula-

tion rather than on communication primitives. They offer many predefined instructions

to cover the recurring manipulation patterns. The consideration for fault injection at

different levels of the ICD further adds to the number of instructions. We noticed some

heterogeneity in the way the instructions are incorporated into the language. In one

case, there is an overloading of a usual language operator (i.e., the assignment). In the

other cases, the instructions are:

• attached to ICD elements programmatic handlers (for application parameters

as well as buses or messages), where the handler was created using the string

identifier:

aHandler = getHandler("id");

aHandler.testAction();

• grouped into specific toolkits that take the identifier or handler as a parameter:

aToolkit.testAction("id", paramList);

aToolkit.testAction(aHandler, paramList);
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• taken as a parameter by a generic toolkit (e.g., in order to have an extensible

Application Programming Interfaces (API) that could accept new test actions):

aToolkit.do("testAction", "id");

In contrast, TTCN-3 has a homogeneous view of its communication instructions:

they are all offered as methods of port objects, where a component port is strongly

typed according to the messages or service calls that it can transmit. It has been

proposed in [86] to add a stream port type, which would allow TTCN-3 to account for

continuous data flows.

The heterogeneous view of interactions inside a language negatively impacts the

readability and writability of the test code. This reflects the history of the proprietary

languages, which were enriched progressively when demanded by the users. There is

now a need for a coherent organization of instructions (with predefined extension points

for adding new ones), which also allows for type checking at compilation time. Such a

coherent organization is provided by TTCN-3, where interaction methods are attached

to typed port objects. The principle of attaching test actions to typed interface objects

can also be found in other industrial contexts, like GUI systems (classical applications

in [100] and web applications in [117]): an application window possesses several buttons,

each button has a number of test actions attached (e.g., click), etc. Similarly, we could

have methods attached to ICD elements, where each type of element would call for its

specific test actions.

Key Ideas

I Test languages for in-the-loop testing involve many different test interaction in-

structions.

I The organization of instructions within test languages is heterogeneous.

I A coherent organization policy is needed, with predefined extension points.

I Passing test actions as string parameters to generic toolkits does not allow for

static type-checking (e.g., it is possible to call a test action inconsistent with the

target SUT interface type).

I Attaching instructions to strongly-typed SUT interfaces is an interesting organiz-

ing principle.
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4.5.2 Test Verdict Management

As regards test verdict management, the most powerful built-in facility is provided by

TTCN-3. It allows for the production of local verdicts and the synthesis of a global

verdict from the local ones. The verdict of a higher-level element (e.g., test case) is de-

rived from the local verdicts of lower-level elements it contains (e.g., test components).

Verdicts are ordered from Error to Pass with rules enforcing a conservative direction

of changes: None > Pass > Inconclusive > Fail > Error. Consequently, a Pass

verdict may change to Fail or Inconclusive, but an Error verdict never changes.

A simplified form of verdict management is also provided by PL2, with global test

verdict synthesis from two local possible test verdicts: Pass and Fail. A global test

verdict can be Pass, Fail or Partial (when some local checks have failed). The

other languages do not put emphasis on verdicts, because test evaluation is usually not

performed on-line by an automated test oracle. SiL and HiL test platforms include

detailed data recording facilities, and the recorded data is analysed off-line by test

engineers with the aid of visualization tools.

Key Ideas Verdict management and automatic test verdict synthesis is quasi-completely

lacking from the proprietary test languages.

4.6 Time Management

An overview of the different features related to time management can be found in

Figure 4.8.

Figure 4.8: TimeManagement -

Time is not a major concern for a language like TTCN-3. It addresses functional

issues of distributed systems and merely offers basic timer operations using the local

clock of components. Note that real-time extensions have been proposed [84, 86], with
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a time-stamping of communication events and a timed control of events, although they

are not yet part of the standard.

For in-the-loop testing, time is a prevalent notion. Embedded systems process

time-stamped data and typically exhibit execution cycles of predefined duration. We

already mentioned that the test languages offer a number of time-dependent stimulation

patterns (Listings 4.10 to 4.12). Data observation can also be made time-dependent,

as in the PL1 and PL4 instructions found in Listing 4.13:

1 /∗ Waiting f o r an event in PL 1 ∗/
eventToo lk i t . waitValue ( myAccessor , expectedValue , to l e rance , t imeout ) ;

3

/∗ Waiting f o r an event in PL 4 ∗/
5 eventToo lk i t . waitCondit ion ( myCondition , timeout , checkPer iod ) ;

Listing 4.13: Waiting for an Event in PL1 and PL4

Note that PL1 and PL4 run on top of real-time operating systems.

Usually, time is expressed in physical units (e.g., in seconds). In PL2 and PL4,

we found some instructions with logical units (i.e., a number of cycles). This is quite

natural for the MiL testing usage of PL2, because the execution of the test components

can be precisely synchronized with the execution of the models. The resulting test

system can be simulated in a stepwise manner, cycle by cycle. Such a synchronization

is of course not possible for the other forms of in-the-loop testing. Rather, test control

facilities are offered to make the execution of the test compatible with cycle durations

in the target system.

Listings 4.14 to 4.16 show the facilities offered by PL1, PL3 and PL4. Depending on

the language, timed test execution control is applied at a different level of granularity:

from blocks of instructions to entire tests.

The finest-grained control is in PL4. It is at the level of blocks of instructions, where

a test can contain blocks to be executed in bounded time on tick reception from the

synchronization service (Listing 4.16). Currently this functionality provided by PL4

is deprecated, but was presented in the version of the user manual we analysed. A

problem is that the PL4 instructions do not guaranty that there is no tick between

the end of a synchronous block (i.e., tick.complete()) and the beginning of the next

(i.e., tick.wait()). Discussions with test engineers concluded that an enhanced time-

triggered sequential execution could be helpful. It would allow a precise step-by-step

control over the interaction with SUT interfaces. Test behaviour could be “quasi-

synchronized”with the cyclic behaviour of the SUT. In order to address these issues, we

propose a possible solution in the form of a new type of test component (see Subsection

5.4.3).

In PL1, test execution control is at the component level. A user code instance is

either asynchronous or periodic. The periodic activation comes with a control of the

execution time, which must not exceed the period.
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PL3 does not have the notion of component, but a test can be repeated periodically.

When test execution is not deterministic, this allows for the execution of various possible

interleavings.

We did not include TestML examples in Listings 4.14 to 4.16. Compared to the

others, this language would have a very different flavour due to the use of hybrid

timed automata. Note that the automaton formalism inherently has the possibility to

represent a precise timed control of test execution.

As can be seen, the forms of timed control are heterogeneous among the languages.

It is usually not necessary to have a precise timed control over all test components.

However, parts of the test will need to be aware of the time scales in the system under

test and of its cyclic behaviour. This is where facilities like periodic activation and

bounded time execution prove useful.

Key Ideas

I Time can be measured in physical and logical units, for respectively hardware-in-

the-loop and software/model-in-the-loop testing.

I Predefined timed stimulations and wait instructions are offered.

I Time management is achieved at different granularity levels, ranging from blocks

of instructions to entire tests.

I Periodic activation and bounded time execution facilities are offered.

I A step-by-step control of the interaction with the SUT would be useful, for more

precise testing of real avionics equipment.

With this section we have finished the analysis of the test language features. We

continue with a synthesis of the results of our analysis in a table of guiding principles

for our meta-modelling work.

1 /∗ User code i n s t a n c e s can be dec l a r ed as p e r i o d i c in the XML
c o n f i g u r a t i o n f i l e . I f the execut ion time exceeds the per iod at
runtime , an e r r o r w i l l be i s s u e d . ∗/

3 <userCodeInstanceDec la rat ion . . . pe r iod = ” 100 .0 ”/>

Listing 4.14: Timed Control of Test Execution in PL1

1 /∗ A t e s t can be p e r i o d i c ∗/

3 t e s t I d e n t i f i c a t i o n = { . . . t e s t P e r i o d = 1 0 0 . 0 ;}

Listing 4.15: Timed Control of Test Execution in PL3
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1 /∗ Execution c o n t r o l i s f o r b locks o f t e s t i n s t r u c t i o n s . I t uses a t i c k
s e r v i c e . ∗/

3 /∗ Frequency i s 50 her t z ∗/
t i c k . r e g i s t e r (50) ;

5

t i c k . wait ( ) ;
7 /∗ Code to be executed upon r e c e p t i o n o f a t i c k . An e r r o r i s i s s u e d i f

another t i c k occurs be f o r e complet ion . ∗/
t i c k . complete ( ) ;

9

/∗ Asynchronous code ∗/
11

t i c k . wait ( ) ;
13 /∗Code to be executed upon r e c e p t i o n o f some subsequent t i c k . ∗/

t i c k . complete ( ) ;
15

/∗ A pseudo p e r i o d i c behavior can be expres sed in a loop . Extra t i c k s may
occur between two i t e r a t i o n s . ∗/

17

whi le ( l o g i c a l C o n d i t i o n ) {
19 t i c k . wait ( ) ;

/∗ Pseudo−p e r i o d i c code . ∗/
21 t i c k . complete ( ) ;
}

23

/∗ From now on , no t i c k synchron i za t i on . ∗/
25 t i c k . stop ( ) ;

Listing 4.16: Timed Control of Test Execution in PL4

4.7 Meta-Modelling Guiding Principles

Table 4.2 presents the list of principles that guided our formalization of the different

domain-specific concepts (e.g., test case, test component, test verdict) inside the test

meta-model. This list is derived from the key ideas found at the end of each previous

subsection.

We briefly discuss here the “General Guiding Principles”. They are declined into

more specific principles found in the rest of the table. For the reduction of the level

of heterogeneity we consider that a controlled customization/extension of the test de-

velopment solution is desirable. Consequently, new types of SUT interface types and

associated test actions can be added at predefined extension points, when needed. We

propose a homogeneous access approach for the interfaces of the SUT, based on the

hierarchical organization of its ICD: the structure of the ICD is projected onto object

structures. Our proposal also deals with fault avoidance, by using only strongly typed

constructs, replacing current practice where SUT interface identifiers and test actions

are sometimes passed as string parameters. Finally, the structural (e.g., test case, test
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component) and behavioural (e.g., calling of test actions on SUT interfaces) elements

are separated, in order to allow the development of a graphical editor for the structural

ones and a textual editor for the behavioural ones.

Table 4.2: Test Meta-Modelling Guiding Principles

Table 4.2 includes all interesting features we found in our analysis of test languages.

In addition to them, we propose two new ones that have been deemed useful.

The first new feature is the cycle-by-cycle test component (“Test Architecture De-

scription Principles”, bullet 1) that is usable for specifying precise test behaviour with

respect to the cyclic behaviour of the SUT. The component has blocks of instructions

to be executed at consecutive cycles.

The second new feature is based on an issue we identified with the existing propri-

etary test languages: they lack control over the type of behaviour that test engineers

can specify inside the different types of test artefacts (e.g., test case, test component).

No control exists over the execution flow (e.g., repetition, conditional statements) and

SUT interaction test actions that can be called. For example, unbounded repetition

statements and test actions exhibiting durations (e.g., ramp, sinus) higher than the
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period of a periodic test component can be called inside the periodic test component.

Moreover, several test components are allowed to call test actions with side-effects (i.e.,

reading the value of an application parameter is side-effect-free, while writing it has side

effects) on ICD elements. This can lead to clashes and unexpected behaviour. Such

test specification problems should be detectable before execution. Consequently, our

second new feature is to constrain and validate the test behaviour before its execution,

in order to prevent inconsistencies (“Behaviour Description Principles”, bullet 7).

Chapter 5 presents the test meta-model we defined. It shows the manner in which

the aforementioned guiding principles where taken into account by our meta-modelling

work.

4.8 Conclusion

In this chapter we have analysed six test languages. We focused on four proprietary

languages (from PL1 to PL4) that are currently employed in the avionics industry,

for the in-the-loop testing of avionics embedded systems, at different integration (i.e.,

component, system and multi-system) and maturity (i.e., model/software/hardware-

in-the-loop) levels of the system under test. For comparison purposes, we also looked

at a test language issued from a research project in the automotive industry (TestML)

- covering the same type of testing activity, as well as a mature international standard

(TTCN-3) used for the testing of distributed system in the field of networking and

telecommunications. To the best of our knowledge, no such analysis has been performed

before. A threat to the validity of our analysis is the fact that our sample of test

languages is limited. In any case, it is representative of the partners of Cassidian

Test & Services. Moreover, we had the opportunity to discuss test language issues

while taking part in an industrial project assembling various stakeholders in the field

of avionics.

Our analysis focused on a number of features and the way they are offered by each

test language. It confirmed the heterogeneity of test languages: not all test languages

offer the same features, shared features are offered in different manners, and sometimes

even a same language offers one feature in different manners. It would thus be difficult

to choose one of the proprietary test languages from our list, slightly improve it and

retain it as a standard for the avionics domain.

We consider that our test languages analysis can be useful for the stakeholders in

the avionics domain. If they already have a test language, then they can improve it by

taking into account the best practices we identified. If they wish to define a new test

language, our analysis has revealed the set of domain-specific concepts that need to be

considered.
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The analysis of test languages convinced us that existing standardized test lan-

guages used in other fields are not easily portable to our domain. Test languages used

in hardware testing (ATLAS [112], ATML [113]) target mostly structural electronic

circuitry defects that are detected by applying electrical signals at different places in

the circuit. In contrast, the in-the-loop testing of avionic embedded systems targets

the functional logic of the system, implemented by software components. TTCN-3 [82]

targets mostly open-loop distributed systems, where the asynchronous sending of a few

messages triggers the functional activity of an otherwise quiescent system. This allows

TTCN-3 to abstract all interactions with the system under test into a small number of

core instructions. This approach does not correspond to our industrial context, where

the system under test exhibits a cyclic behaviour and where the number of instructions

is high and dependent on the type of communication mean (e.g., the AFDX and ARINC

429 each have their own specific possible interactions).

Our analysis convinced us that the multiplicity of in-house solutions should be

addressed at a higher-level, the one of test concepts. This was the foundation for

proposing a model-driven approach where test models are developed, maintained and

shared, and are then automatically translated into target (possibly in-house) executable

languages. The model becomes the central entity of the test development activity,

replacing current approaches where the code occupies this position. The shift is driven

by the perception that test software is indeed software, and that test development can

benefit from advanced software engineering methodologies [92], such as meta-modelling

techniques and model-to-code transformations.

In order to pursue our approach, we developed a meta-model of in-the-loop tests that

captures the language concepts we identified as of interest. Our analysis of the sample

of test languages has lead to the identification of a number of test meta-modelling

guiding principles. Table 4.2 presents a synthesis of these guiding principles, that were

used when defining the test meta-model. We present the test meta-model next, in

Chapter 5.
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Test Meta-Model

This chapter presents the test meta-model we defined. It is specific to the in-the-loop

testing of avionics systems, integrating a rich set of domain-specific concepts extracted

from our analysis of test languages (Chapter 4). The definition of the test meta-model

followed the guiding principles shown in Figure 4.2. We presented the test meta-model

in an article accepted at an international conference [118].

The test meta-model allows for customization and maintenance of the testing so-

lution, by providing a clear separation between the test solution provider and user

sections, with predefined extension points. Customization refers to the choice that the

test solution provider has over the functionalities that a test solution user has access

to. Maintenance refers to the fact that the test solution provider can add/modify/re-

move functionalities in a controlled way. The test meta-model also keeps a separation

between structural and behavioural concepts. Structural concepts are entered using a

graphical editor, while a textual editor is offered for the behavioural concepts. Still, all

elements are consistently integrated, with type-dependent restrictions for the behaviour

attached to the structure. Overall, the model-driven approach should contribute not

only to homogenization at an abstract level, but also to fault avoidance. Some program-

ming errors are avoided by construction, or detected by automated checks performed

on the test models.

In Section 5.1 we briefly introduce the meta-modelling language we used: Eclipse

Modeling Framework (EMF) Ecore. The following sections present the constituents

of the meta-model, an overview of which is given in Figure 5.1. We first present the

separation between the test solution provider and the test solution user sections in

Section 5.2. Afterwards, we discuss the test solution user section and the test context

in Section 5.3. Its high/low-level structural concepts (e.g., test case, test component,

test section for a test case) are presented in Sections 5.4 and 5.5 respectively, while

its behavioural concepts (e.g., test action call statements) are discussed in Section 5.6.
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Finally, we show the mixed (graphical and textual) test editors that can be defined in

Section 5.7. Section 5.8 presents the conclusion.

Figure 5.1: Test Meta-Model - High-Level Overview -

5.1 Eclipse Modeling Framework (EMF) Ecore

We retained EMF Ecore [119] as the meta-modelling language. The EMF project is

a modelling framework with facilities for building tools and other applications based

on a structured data model. EMF has a distinction between the meta-model and the

actual model. The meta-model describes the structure of the model. A model is then

the instance of this meta-model. The manner in which a meta-model constraints the

definition of models is similar to the manner in which a language grammar constrains

the writing of code in the given language. From a model specification serialized in XML

Metadata Interchange (XMI) [120], EMF provides tools and runtime support to produce

a set of Java classes for the model, along with a set of adapter classes that enable viewing

and command-based editing of the model, and a basic editor. Moreover, EMF allows

access to associated tools to produce specialized graphical editors (Graphical Modeling

Framework (GMF) [121], Graphiti [122]), textual editors (Xtext [123]), checkers (Object

Constraint Language (OCL) [124]), as well as code generators (Acceleo [125], Xpand

[126]).

An EMF Ecore meta-model comprises the following types of elements, similarly to

a UML [93] Class Diagram:
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• EPackage: represents a set of classes,

• EClass: represents a class, with zero or more attributes, operations or references,

- EAttribute: represents an attribute, which has a name and a type,

- EOperation: represents an operation, which has a name, a type and param-

eters,

- EReference: represents one end of an association between two classes, it has

flag to indicate if it represent a containment and a reference class to which

it points,

• Inheritance: refers to the ability of one class (child class) to inherit the identical

functionality of another class (super class), and then add new functionality of its

own,

• EEnum: represents a set of literals,

- EEnumLiteral: represents a literal,

Our test meta-model integrates a rich set of concepts formalized in 190 EClass el-

ements. Their characteristics and relations are formalized using 340 EAttribute and

EReference elements, as well as 18 EEnum elements. For some of the concepts, the

traditional two-level (meta-model and model level) instantiation step offered by EMF

Ecore was not sufficient. Let us take the example of the component concept. We

actually need three levels: the abstract test component concept, several user-defined

components (each with its behaviour), and for each component various instances in

the test architecture. In such cases, we used the Type Object design pattern [127].

It consists in decoupling instances from their type. Hence, we have two EClass ele-

ments at the meta-model level (e.g., component type and component instance) with

an association between the two. This method increases the size of the meta-model but

gives the required flexibility to populate the model level. The same pattern is used

for our customization facilities, where SUT interface types need to be created by the

test solution provider and afterwards be instantiated several times by test engineers for

their specific SUT.

5.2 ProviderData and UserData

The root of the test meta-model is the Database (Figure 5.2). It contains the Provider-

Data and UserData, which separate the elements that are defined by the test solution

provider from those defined by the test solution user (test engineers). This is a first

important meta-modelling choice: the test solution user receives a pre-instantiated
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model from the test solution provider, where only the ProviderData section is filled in.

Its elements are accessible to the test solution user inside the UserData section. The

test solution provider can create different variants for its customers, as well as update

existing ones. The test solution provider section offers extension points for SUT types,

SUT interface types, toolkits and test actions that they possess, as existing elements

of these types are abundant and new ones can appear.

Figure 5.2: Database Excerpt -

Constraints are imposed on the manner in which new functionalities are added,

contributing to fault avoidance: the test engineer is obliged to respect the methodology

proposed by the test meta-model, being less prone to render it incoherent. A System-

UnderTestType is used to assemble test actions that are specific to SUT types (e.g., test

actions specific to the virtual avionics SUT type). A GenericConnectionPoint is used

to assemble test actions that are common to all the elements at a particular ICD level

(e.g., test actions common to all physical bus types). A ConnectionPointType is used
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to assemble specific test actions (e.g., test actions specific to the AFDX physical bus

type). Their different specializations (e.g., GenericPhysicalBus, LogicalBusType)

are shown in Figure 5.3.

Figure 5.3: GenericPhysicalBus/PhysicalBusType Excerpt -

Any GenericConnectionPoint and ConnectionPointType element can possess

PropertyType elements (Figure 5.3). Let us take the example of an AFDX Virtual

Link. Virtual Links are unidirectional logic path from a source end-system to all of the

destination end-systems. Unlike a traditional Ethernet switch which switches frames

based on the Ethernet destination or MAC address, AFDX routes packets using a

Virtual Link identifier. Inside our test model we can define an AFDX Virtual Link

LogicalBusType that owns the Source IP and Destination IP PropertyType elements

(Figure 5.4). It will be shown later on, in Subsection 5.4.1, the manner in which these

types are instantiated, in conformance to the Type Object design pattern philosophy.

Figure 5.4: Test Model Level - ProviderData Example -

A number of EReference elements were introduced inside the test meta-model in

order to define the links between the different ICD hierarchical levels (Figure 5.3).

This part of the test meta-model can be seen as an ICD meta-model. For example, an

instance of a complex physical bus type (e.g., AFDX) can possess several instances

of logical buses (e.g., AFDX Virtual Links). This relation is defined through the

ReferencesPhysicalBusType EReference between an AFDX PhysicalBusType and

the corresponding AFDX Virtual Link LogicalBusType. When test engineers instan-

tiate these elements in order to define the ICD of a specific SUT, verifications are
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performed with the aid of OCL in order to verify that the instances respect the con-

straints defined on the types. For example, we can verify that an AFDX Virtual Link

LogicalBusInstance is owned by an AFDX PhysicalBusInstance.

The ReferencesGenericPhysicalBus relation is employed to allow a specific bus

type to know the generic bus test actions. All test actions referring to interactions with

the SUT (e.g., sending a message, setting the value for an application parameter) are

distributed inside these GenericConnectionPoint and ConnectionPointType struc-

tures. For example, as all physical buses can implement the stopEmission test action,

then this test action should be attached to a GenericPhysicalBus. Afterwards, any

specific physical bus, such as the AFDX or ARINC 429 PhysicalBusType elements,

would reference the generic physical bus. Additional test actions, coming from external

utilities, are distributed inside Toolkit structures (e.g., fileToolkit with write ()).

Figures 5.2 and 5.3 show only an excerpt of the test meta-model with regard to the

specializations of the GenericConnectionPoint and ConnectionPointType elements

and the relations that exist between them. The test meta-model actually covers all the

hierarchical levels present in an ICD:

• GenericConnector/ConnectorType,

• GenericPin/PinType,

• GenericPhysicalBus/PhysicalBusType,

• GenericLogicalBus/LogicalBusType,

• GenericMessage/MessageType,

• GenericMessageField/MessageFieldType,

• GenericApplicationParameter/ApplicationParameterType.

Notice in Figure 5.2 the different EAttribute elements possible for a TestAction.

They are useful for timing calculations and clash detection.

The TemporalType refers to whether a TestAction has a duration or not (e.g.,

a Timed ramp() stimulation versus a UnTimed setValue()). When test engineers call

a Timed::TestAction inside a TestComponent, the duration parameter is rendered

explicit.

The BoundedType refers to whether a TestAction can be called with an execution

time upper-bound.

The BlockingType refers to whether the execution of a TestAction pauses the

execution of the caller TestComponent. A Blocking::TestAction interrupts the exe-

cution of the caller TestComponent, with the TestComponent continuing its execution
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only after the execution of the TestAction is finished. A NonBlocking::TestAction

executes in parallel with the caller TestComponent.

Finally, the SideEffectType refers to whether the execution of a TestAction

produces side-effects on the element on which it is called. For example, a Side-

Effect::TestAction is the writing of a new value of an application parameter, while a

SideEffectFree::TestAction is the reading of the value of an application parameter.

5.3 TestContext

The UserData contains TestContext instances. The concept of TestContext is in-

spired from the one proposed in the UML Testing Profile (UTP, [94]). It serves as a

container for a collection of test cases applied to a SUT, together with an architecture

of test components.

Figure 5.5 shows a high-level view of the TestContext.

Figure 5.5: TestContext Excerpt -

The SystemUnderTest describes the interfaces of the tested entity according to its

ICD.

The TestCase controls the parallel execution of TestComponent elements. A test

component can be instantiated several times inside a test case, via TestComponent-

Instance elements. The instantiation relation is not present in Figure 5.5, as it is de-

fined on the specializations of the shown concepts (e.g., a SequentialTestComponent-

Instance instantiates a SequentialTestComponent). Figure 5.5 does not present all of

the links between the test case and other elements contained by the test context (e.g.,
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the EReference IsSequencedByTestSuites linking TestCase and TestSuite elements

is not shown).

Test components interact with the SUT. They can also interact with each-other, by

means of SharedData and Event elements globally declared in the test context.

For the test architecture, we defined a policy of one producer and potentially many

consumers. The TestArchitecture associated with a test case determines which test

component instance produces a global shared data or event. It also links the formal

parameters (if any) of a test component to the SUT, shared data or events.

Test cases can be regrouped within either a TestSuite (for execution order defini-

tion) or a TestGroup (for grouping tests that share a common property).

Conceptually, the test context is actually divided into three hierarchical levels:

• high-level structural concepts (e.g., TestCase, TestComponent),

• low-level structural concepts (e.g., TestSection in a TestCase),

• behavioural concepts (i.e, TestCaseStatement, TestComponentStatement).

These boundaries are useful for the definition of the mixed (graphical and textual)

test model development environment: structural elements are better described inside

a graphical editor, while behavioural ones with a textual editor. Both types of editors

are customizable: several graphical and textual representations can be defined on top

of the same test meta-model. For example, in the textual editor, the concrete syntax

of behavioural elements can be customized to accommodate the user’s habits.

5.4 High-Level Structural Concepts

We discuss in this section the different high-level structural concepts in more detail:

• SystemUnderTest (Subsection 5.4.1),

• TestCase (Subsection 5.4.2),

• TestComponent (Subsection 5.4.3) and the verdict management (Subsection 5.4.4),

• TestArchitecture (Subsection 5.4.5),

• TestGroup and TestSuite (Subsection 5.4.6).
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5.4.1 SystemUnderTest

The SystemUnderTest is used to describe the interfaces of the tested entity, according to

its ICD, by comprising ConnectionPointInstance elements (Figure 5.6). Notice how

the ICD structure of hierarchical levels is reproduced inside the tree-like structure of

the SystemUnderTest. While the ProviderData corresponded to an ICD meta-model,

the SystemUnderTest corresponds to an ICD model.

Figure 5.6: System Under Test Excerpt -

ConnectionPointInstance elements are of the ConnectionPointType variants de-

fined previously in the ProviderData (Figure 5.7). For example, we can define an

AFDX VL 1 LogicalBusInstance that is of the AFDX Virtual Link LogicalBusType.

This applies also to PropertyInstance elements that are of the PropertyType vari-

ants. For example, the AFDX VL 1 LogicalBusInstance can possess the Source IP
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and Destination IP PropertyInstance elements corresponding to two PropertyType

elements with the same name (Figure 5.8). This approach is coherent with the Type

Object design pattern.

Figure 5.7: Connection Point Instance Excerpt -

Figure 5.8: Test Model Level - AFDX Virtual Link Example -

Not all connection point instance specializations are shown in Figure 5.7, but the

test meta-model covers all ICD hierarchical levels:

• ConnectorInstance,

• PinInstance,

• PhysicalBusInstance,

• LogicalBusInstance,

• MessageInstance,
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• MessageFieldInstance,

• ApplicationParameterInstance.

5.4.2 TestCase

A TestCase is an executable element whose execution status is managed either auto-

matically by the test model execution environment via test suites, or manually by a

test engineer. A test case controls the execution of test component instances (which

are executable elements as well). It can also own a test architecture that defines the

mappings between the interfaces of the test components and those of the system under

test, the events and the shared data (Figure 5.5) A test case cannot interact with the

SUT. It can possesses an InitializationSection in which initial values are set for

the different SharedData elements it employs.

5.4.3 TestComponent

A TestComponent is an element that can be instantiated multiple times inside a test

case, as well as reused across several test cases, yielding several TestComponent-

Instance elements. The test component itself is not a directly executable element,

but its instances are and each one of them possesses its own execution thread. Only

test components are capable of interacting with the SUT. A Test component can di-

rectly access SystemUnderTest, SharedData and Event elements, as well as indirectly

through means provided by its interfaces that we discuss later on.

The isGenerated EAttribute is used in order to identify test components imple-

mented outside the test model, but whose execution needs to be controlled by a test

case. For example, one can control the execution of an externally implemented com-

plex behaviour (e.g., C++/Java class) inside the test model, by assigning it to a test

component. Thus the external behaviour can be instantiated multiple times as well.

This functionality is useful for example in order to control environment models coded

outside of the test model.

Four types of TestComponent element types have been defined (Figure 5.9), de-

pending on the behaviour to be specified:

• TestMonitor,

• SequentialTestComponent,

• PeriodicTestComponent,

• CycleByCycleTestComponent.
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A TestMonitor has a simple behaviour of the form logicalCondition→ behaviour.

Notice that the life duration of a test monitor is explicit (ActivatedDuration), as well

as the frequency with which the logicalCondition is evaluated (PredicateCalculation-

RefreshDuration).

A SequentialTestComponent has a behaviour executed only once.

A PeriodicTestComponent has a behaviour that is executed periodically.

A CycleByCycleTestComponent has several behaviours, each one being executed

during one or several consecutive cycles of the SUT. The periodic and cycle-by-cycle test

components are specific to our industrial context, as they can be “quasi-synchronized”with

the execution cycles of the SUT.

Notice in Figure 5.9 the Period/CycleDuration and TimeMeasurementUnit EAt-

tribute elements. As these elements belong to the test component instances, it is

possible to instantiate a periodic test component several times, with different values for

its period duration. Also notice in the same figure the decoupling of component types

and instances, based on the Type Object design pattern.

Figure 5.9: TestComponent Types Excerpt -

A test component has a number of formal interfaces: Parameter and Accessor

elements (Figure 5.10). They were defined in order to allow the reuse and multiple-

instantiation of the test components.
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Figure 5.10: TestComponent Interfaces Excerpt -

A parameter is given a value when instantiating a test component (i.e., call-by-

value argument). For example, if a test component verifies a behaviour of the SUT

where the value of an application parameter is checked against several nominal values

and tolerances, then the Nominal Value and Tolerance can be parametrized. Not shown

here, each test component instance owns ParameterInitialization elements that link

a parameter to a ParameterInitialValue (the one given at instantiation). During the

execution of the test component instance, the initial values of the parameters cannot

be modified.

The Accessor elements are used in order to reuse a same test component on dif-

ferent: connection point instances, property instances, shared data or events (i.e.,

call-by-reference argument). Notice that the ConnectionPointAccessor elements are

strongly-typed, as they reference ConnectionPointType elements. This applies also to

the PropertyAccessor.

For example, if several application parameters need to be verified against their Nom-

inal Value and Tolerance, then an application parameter accessor should be defined.

The behaviour of the test component would only manipulate the application parameter

accessor. Afterwards, within a test case, a test architecture would link the application

parameter accessor to the different application parameter instances, for each of its test

component instances. An OCL rule (Listing 5.1) checks that the application parameter

accessor and the application parameter instance are of the same type (i.e., refer the
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same ApplicationParameterType). For more information on the test architecture see

Subsection 5.4.5.

Not all types of connection point accessor types are shown in Figure 5.10, but the

test meta-model cover all ICD hierarchical levels:

• ConnectorAccessor,

• PinAccessor,

• PhysicalBusAccessor,

• LogicalBusAccessor,

• MessageAccessor,

• MessageFieldAccessor,

• ApplicationParameterAccessor.

In addition to the indirect access via its formal interfaces, a test component also has

a direct access to all SUT interfaces. This direct access, although convenient, can lead

to clashes when a same SUT interface is accessed by different test component instances.

In order to alleviate such problems, we propose the definition of ownership relations

between test component instances and SUT interfaces. The test architecture comprises

the definition of these relations. OCL rules prescribe that only owner test component

instances make side-effect accesses to owned SUT interfaces.
1 context Connect ionPointAccessorConnect ion

inv Appl icat ionParameterAccessorType Is Appl icat ionParameterInstanceType :
3 s e l f . ProvidesAccessForConnect ionPointAccessor
−>s e l e c t ( aAccessor : Accessor | aAccessor . oc l IsTypeOf (

Appl icat ionParameterAccessor ) ) . oclAsType (
Appl icat ionParameterAccessor ) .

5 ReferencesAppl icat ionParameterType . name
= s e l f . ProvidesAccessToConnect ionPointInstance

7 −>s e l e c t ( anInstance : Connect ionPointInstance | anInstance . oc lIsTypeOf (
Appl i cat ionParameter Instance ) ) . oclAsType (
Appl i cat ionParameter Instance ) .

IsOfAppl icat ionParameterType . name

Listing 5.1: OCL Rule Example - ApplicationParameterAccessor Type Verification

We would like to finally discuss the possibility to declare ConnectionPointInstance-

Alias elements in order to shorten the identifiers of connection point instance elements

(Figure 5.11). These aliases do not act as formal interfaces for test components. A

test component can own several aliases, declared through the HasConnectionPoint-

InstanceAliases EReference. Each alias is linked to a SUT interface through the

IsAliasForConnectionPointInstance EReference.
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Figure 5.11: TestComponent - ConnectionPointInstanceAlias Excerpts -

5.4.4 Verdict Management

Having presented the test case and test component/test component instance concepts,

it is now appropriate to discuss the verdict management considered for the test meta-

model. Notice in Figures 5.5 and 5.9 the TestCaseVerdict and TestComponent-

Verdict EAttribute elements.

As the proprietary test languages in the sample we analysed (from PL1 to PL4)

lacked rich verdict management functionalities, we decided to propose a solution in-

spired from the one proposed by TTCN-3 [83]. Our test meta-model defines five ver-

dicts, with an order relation defined between them: None > Pass > Inconclusive >

Fail > Error.

The verdict of a high-level container (i.e., test case) is automatically computed from

the verdicts of the lower-level containers it includes (i.e., test component instances).

For example, let us consider a test case that owns two test component instances. If

the verdicts of the two test component instances are Pass and respectively Fail, then

the verdict of the test case is Fail (the Fail verdict has a higher order position than

the Pass verdict). A verdict can be overridden only by a verdict with a higher order

position. For example, an Inconclusive verdict can only changed if a Fail or Error

verdict arises. The Error verdict can only be set by the runtime/test platform when

the execution of the test case and test component instances encounters problems, for

example: when test actions are not executed or when the behaviour of a periodic/cycle-

by-cycle test component does not hold its timing constraints.

5.4.5 TestArchitecture

Figure 5.12 presents the TestArchitecture concept. A test architecture is always

associated with a test case.

The test architecture defines the connection of test component instance accessors

to SUT interfaces, SUT interfaces properties, shared data and events. This is achieved

through Connection elements. It also defines the ownership relation between test

component instances and the same set of SUT interfaces, SUT interfaces properties,

shared data and events. This is achieved through OwnershipRelation elements, that

implement the policy of one producer and potentially many consumers that we chose.
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For example, notice in Figure 5.12 how a ConnectionPointAccessorConnection

links a SUT interface accessor to a SUT interface. It defines the connection using

a triplet: the TestComponentInstance with its ConnectionPointAccessor and the

targeted ConnectionPointInstance. Figure 5.12 also shows how a test component

instance is declared the owner of an SUT interface. This capability is useful for clash

detection, as only the owner is allowed to call test actions with side-effects (Figure 5.2)

on the owned SUT interface. Clash detection can also be performed for access to SUT

interface properties, shared data and events.

Figure 5.12: TestArchitecture Excerpt -

5.4.6 TestGroup and TestSuite

As mentioned previously when analysing the sample of test languages, inter-test orga-

nization is not a major issue for test languages. For this reason, we addressed in our

test meta-model only basic functionalities of this type.

A TestGroup is used for the logical organization of test cases (Figure 5.13). This

functionality is useful for requirements management. All test cases linked to a specific

requirement on the behaviour of the SUT can be put together within the same test

group

A TestSuite is used in order to define the execution order of test cases (Figure 5.13).

A test suite comprises a tree-like structure of test suite nodes: an execution tree. Each
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test suite node corresponds to the execution of a test case, and has one parent (except for

the first node) and a maximum of five children. These relations are defined through the

ReferencesParentTestSuiteNode and ReferencesChildTestSuiteNodes EReference

elements. Which of the five children is to be executed next depends of the verdict

obtained following the execution of the test case: None, Pass, Inconclusive, Fail,

Error. For this facility, notice the ParentNodeVerdictCondition EAttribute. For

example, one can define a test suite where if the verdict of a first TestCase 1 TestCase

is Fail then the TestCase 2 TestCase is executed next.

We would also like to introduce here the concept of state of the SUT (Figure 5.13). A

State is defined by a logicalCondition on the SUT interfaces. For example, different

Flight Phase State elements can be defined for an Aircraft SystemUnderTest: Pre-

Flight, Taxi, Take-Off, Departure, Climb, Cruise, Descent, Approach and Arrival. Each

flight phase depends on the values of a number of application parameters, such as:

Aircraft Speed and Aircraft Altitude. For example, the Cruise state is defined for

an interval of the aforementioned application parameters: Aircraft Speed ∈[SpeedMin,

SpeedMax] and Aircraft Altitude ∈[AltitudeMin, AltitudeMax]. The definition of states

for a SUT is useful as some test cases require the SUT to be in a specific state before

executing (see the RequiresSystemUnderTestState EReference). If this is not the

case, then an alert can be raised to the user with information on the incompatibility

between the test case and the state of the SUT. In this case, the test case is not executed.

This functionality was deemed interesting following discussions with test engineers.

5.5 Low-Level Structural Concepts

All of the high-level structural concepts we presented previously (the test case and the

test component types) have their behaviour organized into low-level structural concepts.

A test case organizes its behaviour inside TestSection containers (Figure 5.14).

Test sections are executed sequentially. This allows test engineers to organise their test

case, for example by defining an Initialization test section as well as a test section for

each test objective that is being verified.

A test component organizes its behaviour inside TestComponentElement containers.

Specializations exist for each type of test component, with the exception of the periodic

test component (i.e., its behaviour usually lasts for a short cycle and is afterwards

repeated): TestMonitorElement, SequentialTestComponentElement and CycleBy-

CycleTestComponentElement.

A test monitor has a TestMonitorPredicateElement and a TestMonitorContainer-

Element (Figure 5.15). The TestMonitorPredicateElement contains the logicalCondition

that must become valid before the execution of the behaviour contained in the Test-

MonitorContainerElement.
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Figure 5.13: TestGroup and TestSuite Excerpt -

Figure 5.14: TestCase - TestSection Excerpt -

Figure 5.15: TestMonitor - TestMonitorElement -
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Figure 5.16: SequentialTestComponent - SequentialTestComponentElement -

A sequential test component has a set of SequentialBlock elements (Figure 5.16).

Similarly to the test sections of a test case, sequential blocks are executed sequentially.

They serve a similar purpose as the test sections, allowing test engineers to structure the

behaviour of the sequential test component into meaningful blocks (e.g., initialization,

stimulation, verification).

Finally, a cycle by cycle test component has a number of low-level structural con-

cepts that allow a test engineer to specify different behaviours for each cycle or sequence

of cycles: Cycle, IteratedCycle and ConditionRepeatedCycle (Figure 5.17). The

Cycle has a behaviour to be executed only once, for a cycle. The IteratedCycle has

a behaviour to be executed for a fixed number of sequential cycles (NumberOfCycle-

Iterations EAttribute). Finally, the ConditionRepeatedCycle has a behaviour to

be executed for a number of cycles dependant on the evaluation of a logicalCondition.

The execution of a condition repeated cycle ends when the logicalCondition becomes

false or when the MaximumIterations EAttribute number is reached. By instantiating

the elements described above several times, a test engineer can easily specify a complex

behaviour, such as the one presented in Figure 5.18.

5.6 Behavioural Concepts

Each of the low-level structural concepts employed for the organization of the behaviour

of test case and test component types owns a specific Behavior, depending on their

type. Figure 5.19 shows the different low-level structural concepts on the left, with the

corresponding behaviour on the right.

Each behaviour type is comprised of specific Statement elements. The allowed

statements depend on the type of the element to which the behaviour is attached.

This adds a layer of supervision over the test engineer’s activity and is in favour of

fault avoidance. As mentioned previously, the test components are in charge of the

interaction with the SUT, being able to call test actions on its interfaces; while the
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Figure 5.17: CycleByCycleTestComponentTestComponent - CycleByCy-
cleTestComponentElement -

Figure 5.18: CycleByCycleTestComponent - Complex Behaviour Example -
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Figure 5.19: Behavior Excerpt -
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test case is in charge of controlling the execution of the corresponding test component

instances. The relation between the behaviour and corresponding accessible statements

is defined on their specializations, for example: TestCaseBehavior and TestCase-

Statement (Figure 5.20). This was necessary in order to prohibit, for example, a Test-

ComponentBehavior to access TestCaseStatement elements, which would have become

accessible because of the Inheritance relation, had it been defined on the generalizations:

Behavior and Statement.

Figure 5.20: TestCaseStatement Excerpt -

Three types of statements have been defined, with each type being specialized itself

for each of the different high-level structural concepts (Figures 5.20 and 5.21):

• ExecutionFlowStatement (Subsection 5.6.1),
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• BasicStatement (Subsection 5.6.2),

• SpecificStatement (Subsection 5.6.3).

5.6.1 ExecutionFlowStatement

An ExecutionFlowStatement is used for the definition of instructions that control the

execution flow, for example:

• ConditionalStatement (i.e., if . . . then . . . else),

• IterationStatement (i.e., for . . . ),

• RepetitionStatement (i.e., while . . . ).

Observe the three sequential test component execution flow statements in Fig-

ure 5.21: STCConditionalStatement, STCIterationStatement and STCRepetition-

Statement. Each one of these elements can own one or two sequential test component

behaviours. The STCConditionStatement owns two, one mandatory in case the condi-

tional predicate (not shown) evaluates to true (HasConsequentBehavior EReference),

and one optional in case it evaluates to false (HasAlternativeBehavior EReference).

Notice the optional MaximumIterations EAttribute of the STCRepetitionStatement.

In order to contribute to fault avoidance, this EAttribute is rendered mandatory in the

case of a periodic and cycle-by-cycle test component.

5.6.2 BasicStatement

A BasicStatement is used for generic instructions, for example:

• VariableDeclarationStatement (i.e., int variableName),

• VariableAssignmentStatement (i.e., variableName = newValue).

We also briefly discuss in this subsection the expressions and literals used in the

statements. For example, in Figure 5.22, the conditional statement has a logical expres-

sion (HasPredicate EReference) and the action call statement has expressions passed

as parameters. We will not go into further detail here concerning the meta-modelling

of expressions. It suffices to say that we cover a rich set of possible expressions, such

as:

• logical expressions: And/Or,

• equality expressions: EqualTo/NotEqualTo,

• comparison expressions: GreaterThan/GreaterThanOrEqualTo and LessThan/Less-

ThanOrEqualTo,
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• multiplication expressions: Multiplication/Power/Division/Modulo,

• addition expressions: Plus/Minus,

• unary expressions: Plus/Minus/Negation.

We also defined four types of literals that can be used inside the expressions:

BooleanLiteral, IntegerLiteral, FloatLiteral and StringLiteral. For more in-

formation on the topic of expressions and data types, please see the following two

examples: the Arithmetics tutorial that accompanies Xtext [123] and the partial pro-

gramming language Xbase (defined with Xtext). When defining the test meta-model we

took inspiration from these two, as well as from the grammars of known general-purpose

programming languages (e.g., C++, Python).

5.6.3 SpecificStatement

A SpecificStatement is used for instructions that are specific to the high-level struc-

tural concept, for example:

• ExecutionControlStatement for a TestCase (Figure 5.20),

• STCTestActionCallStatement for a TestComponent (we prefix all statements

regarding a sequential test component with STC, Figure 5.21).

The ExecutionControlStatement is used to start/stop/pause/resume (Executable-

ElementOperation EEnum) the execution of a test component instance by the test case.

A specific statement of test components is the TestActionCallStatement. It is

used to call test actions on SUT interfaces, toolkits and accessors. Notice the STC-

TestActionCallStatement in Figure 5.21. Also observe its different EAttribute ele-

ments that are linked to the type of test action that is being called (Figure 5.2). For

example, a Timed::TestAction has to be called with a specific a DurationValue, while

a Bounded::TestAction can be called with a specific MaximumDuration. As mentioned

previously, this information is in favour of fault avoidance as the behaviour can be anal-

ysed before its execution. For example, we were able to identify by means of OCL rules

an incorrect specification where test actions were called with a duration higher than

the period of a periodic test component. A simplified rule can be found in Listing 5.2.

We also defined a more complex version that covers the imbrication of statements con-

tained by other statements. We achieved its definition by using the transitive closure

offered by OCL, with which recursion can be expressed.

The STCTestConditionEvaluationStatement is used in order to modify the ver-

dict of a sequential test component. It verifies a logicalCondition and sets the verdict

accordingly. For example, if the logicalCondition evaluates to false and the previous

verdict was Pass, then the verdict becomes Fail.
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Figure 5.21: SequentialTestComponentStatement Excerpt -

83



5. TEST META-MODEL

Figure 5.22: SequentialTestComponent - Details Example -
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context CycleByCycleTestComponentInstance
2 inv TestAct ionCal lStatement Durat ionValue Smal ler Than CycleDurat ion :

s e l f . IsAnInstanceOfCycleByCycleTestComponent . HasCycleByCycleElements .
4 HasCycleByCycleTestComponentBehavior .

HasCycleByCycleTestComponentStatements
−>s e l e c t ( aStatement : CycleByCycleTestComponentStatement | aStatement .

oc l I sKindOf ( CBCTCTestActionCallStatement ) ) .
6 oclAsType ( CBCTCTestActionCallStatement )
−>s e l e c t ( aStatement : CBCTCTestActionCallStatement | aStatement .

Ca l l sTestAct ion . TemporalType = TemporalType : : Timed)
8 −>f o r A l l ( DurationValue <= s e l f . CycleDuration )

Listing 5.2: OCL Rule Example - Behavioural Concepts

In addition to the different statements discussed here, the test meta-model also

contains the following ones, used for manipulation of events defined in the test context:

EventWaitStatement, EventRaiseStatement, EventLowerStatement. Manipulation

of shared data is possible through the ReadSharedData and WriteSharedData instruc-

tions.

We have now finished the presentation of our test meta-model. We continue with

a discussion on the graphical and textual editors that can be attached to the test

meta-model in Section 5.7.

5.7 Test Model Development Environment

The Eclipse Modeling Framework (EMF) [119] offers us access to a wide range of tools,

as mentioned at the beginning of this chapter. It is able to automatically generate

a graphical editor of models from a meta-model. This graphical editor was used for

the high/low-level structural concepts of the test meta-model. For the behavioural

concepts, a textual editor was developed with Xtext [123]. These two editors (graphical

and textual) were enriched and integrated inside the Man-Machine Interface (MMI)

component of the U-TEST Real-Time System with the help of three participants: Gilles

BALLANGER, Guilhem BONNAFOUS, Mathieu GARCIA and Etienne ALLOGO, at

Cassidian Test & Services. Snapshots of our prototype can be found in Chapter 7.

5.7.1 Graphical Editor

This graphical editor presents a tree-like structure. Figure 5.23 shows a snapshot of

the automatically generated graphical editor. It is used only for the instantiation of

EReference elements that have their Containment set to true (e.g., the MyTestCon-

text TestContext contains the MyTestCase TestCase and as such MyTestCase is a

branch of MyTestContext). It is accompanied by a Properties view, which allows the

modification of the rest of EReference elements, together with the EAttribute elements.
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Contextual menus are offered. Although the automatically generated graphical ed-

itor covers all of the test meta-model elements, it can be modified in order to present

only a subset of the test meta-model. In our prototype, some coding was necessary to

produce two graphical editors: one for the UserData section, and one for the Provider-

Data section of the test meta-model; and to hide all child elements of Behavior special-

izations (Figure 5.19). The UserData and ProviderData graphical editors only show

high/low-level structural concepts. Behavioural concepts are dealt with within the tex-

tual editor. This graphical editor is only one example of an interface attached to the

test meta-model. For the purpose of our prototype, we considered this type of graphical

editor to suffice. For example, GMF [121] and Graphiti [122] offer the possibility to

design even more ergonomic and complex graphical editors.

5.7.2 Textual Editor

Xtext [123] is an open-source framework for developing programming languages and

domain-specific languages (DSLs). Unlike standard parser generators, Xtext not only

generates a parser, but also a class model for the Abstract Syntax Tree and a fully

featured, customizable Eclipse-based IDE. To specify a language, a user has to write a

grammar in Xtext’s grammar language. This grammar describes how an Ecore model

is derived from a textual notation. From that definition, a code generator derives an

ANTLR parser and the classes for the object model. In addition, an Eclipse-based

Integrated Development Environment (IDE) integration is generated. That IDE offers,

among other functionalities: syntax colouring and code completion.

Similarly to traditional grammars that employ a Backus–Naur Form notation, an

Xtext grammar consists of a number of derivation rules. Each derivation rule is a piece

of static text with gaps, where each gap in the text can be filled with model information.

The static text is always inserted between quotation marks.

Listing 5.3 shows a simplified grammar example, relative to the STCToolkitTest-

ActionCallStatement that was discussed previously (Figure 5.22). Lines 1-7 present

the grammar rule. Line 11 shows some code that conforms to the grammar rule. Line

15 present a different concrete syntax that could be defined in a similar manner as the

first example, in order to illustrate the capacity for customisation of our approach.

The application of the rule to parse the compliant line of code yields the following

result:

• the Toolkit name is userCommunication and OnToolkit is a reference to this

model element,

• similarly, the called TestAction refers to showMessage,
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Figure 5.23: Default Graphical Editor Snapshot -
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• a single parameter is identified between parentheses, the string expression ‘Hello

world!’.

Notice that the syntax of Line 11 adopts an object-oriented paradigm, where the

showMessage TestAction acts as a method of the userCommunication Toolkit ob-

ject. As mentioned previously, this is only one of the many concrete syntaxes/textual

representations that can be attached to the test meta-model. The second example of

definable concrete syntax (Line 15), although resembling the string solution offered by

existing test languages, exhibits the same fault avoidance capabilities as the first ex-

ample. The fact that the name of the test action appears within quotation marks is

only a visual representation, as the test action remains a strongly-typed element of the

test model.

Although simple versions of the different graphical and textual editor functionalities

are available out-of-the-box, some coding is necessary in order to implement semantics

that is expressed within the meta-model but that is not automatically exploitable by

the framework. For example, when a STCToolkitTestActionCallStatement calls a

TestAction on a Toolkit, it also allows calling TestAction elements on the wrong

Toolkit. Although the test meta-model contains information on which TestAction

is attached to which Toolkit (the HasProviderDefinedTestActions EReference in

Figure 5.2), this information is not directly exploitable when automatically generating

the textual editor. The same holds true for the graphical editor in similar situations.

As such, code has been developed in order to implement this semantics, for example in

order for the code completion functionality to offer for a given Toolkit only the list of

TestAction elements it comprises.
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/∗ Der ivat ion r u l e d e f i n i t i o n ∗/
2

STCToolkitTestActionCallStatement r e tu rn s
STCToolkitTestActionCallStatement :

4

/∗ Der ivat ion r u l e body ∗/
6

OnToolkit = [ Too lk i t | EString ] ” . ” Ca l l sTestAct ion = [ TestAction | EString ] ”
( ” ( WithSequentialTestComponentExpressionAsParameters+=
SequentialTestComponentExpress ion ( ” , ”
WithSequentialTestComponentExpressionAsParameters+=
SequentialTestComponentExpress ion ) ∗) ? ” ) ”

8

/∗ Compliant l i n e o f code ∗/
10

userCommunication . showMessage ( ” He l lo world ! ” ) ;
12

/∗ A d i f f e r e n t conc re t e syntax that could be de f ined ∗/
14

userCommunication ( ”showMessage” , ” He l lo world ! ” ) ;

Listing 5.3: Xtext STCToolkitTestActionCallStatement Excerpt

Figure 5.24 shows a screen-shot of the prototype mixed (graphical and textual) test

model development environment, integrated into the Man-Machine Interface (MMI)

component of the U-TEST Real-Time System [3] integration test platform developed

by Cassidian Test & Services. Notice in the centre of the image the UserData section

graphical editor, with the textual editor being visible on the right. When the test

solution user selects in the graphical editor an element that possesses a Behavior, then

automatically the textual editor opens, showing the corresponding Behavior. The

ProviderData section graphical editor (not shown) is protected from unauthorized

access, as only test solution provider users can modify this section.

In Chapter 7 we present a case study, where we define in the test model development

environment a number of test models.
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Figure 5.24: Mixed (Graphical and Textual) Test Model Development Envi-
ronment Screenshot -
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5.8 Conclusion

In this chapter we have presented the test meta-model we defined. The definition

represented an effort of six person-months (with no prior experience of the author with

meta-modelling and EMF Ecore).

One of the challenges was to homogeneously integrate all of the domain-specific con-

cepts we had previously identified. We achieved this objective, but the resulting test

meta-model is inherently complex. For future industrialization purposes, this complex-

ity could be hidden by developing wizards to guide the test engineer and automatically

fill-in some test model elements.

We noticed that some constraints on the activity of test engineers with test models

could be either introduced inside the test meta-model by construction, or added later

by means of OCL [124] rules for example. A choice had to be made where part of the

complexity of the approach is to be inserted. We preferred enriching the test meta-

model, as we believe that not allowing a test engineer to perform an incorrect action

is preferable to her/him doing it, verifying its correctness and afterwards correcting it.

In addition, our approach tried to insert as much as possible of the domain-specific

concepts and their relations inside the test meta-model, instead of having this informa-

tion scattered around in the test meta-model, OCL rules, Java classes analysing test

models, informal documents as well as inside the textual representation.

Another issue we encountered concerned the two levels used in model-driven engi-

neering: the meta-model and model levels with one instantiation step between them. In

most applications these two levels suffice, but in our work we encountered cases when

three levels are required. In such cases, we employed the Type Object design pattern

[127]. Although this pattern offers remarkable flexibility to create new components and

connection points at the model level, its usage was one of the factors that led to the

growth in complexity of the test meta-model.

Concerning OCL rules, we found them very practical in order to express constraints

on the test models. However, they quickly grow in complexity. This is also due to the

complexity of the test meta-model. Moreover, we found it difficult to express some

behaviours with OCL. For example, we were interested in calculating the sum of all

the durations with which test actions are called, in order to compare this result with

the period of a periodic test component. In order to calculate the sum, the different

durations would have to be converted to a same time measurement unit. We were not

able to express this conversion directly in OCL. However, it is possible to call external

operations coded in Java from OCL, that would do the necessary conversion.

The development of the graphical and textual editors for our demonstrator was very

fast (the equivalent of a three person-months effort), as our first prototype required only

basic functionalities. In their current state, the editors do not yet offer test engineers all
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the functionalities/short-cuts they would need. The prototype is called STELAE (Sys-

tems TEst LAnguage Environment). Our evaluation of the development of richer, more

ergonomic editors, with technologies such as Graphical Modeling Framework (GMF)

[121] or Graphiti [122], leads us to believe that an industrial product would require a

much greater effort than that for our first prototype. One challenging issue we encoun-

tered when developing the two editors was to ensure their synchronization. The current

state of the technology is not optimized for a usage of several editors synchronized on

a same model.

Finally, we would like to mention that some activities performed manually by test

engineers on test models should be automated in the future: such as the definition of

the interfaces of the SUT that can be automated by parsing the ICD document.
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Test Model Implementation

In this chapter we illustrate the manner in which test models (conforming to the test

meta-model that was previously discussed) are implemented by template-based model-

to-text transformations. For this task, the Acceleo model-to-text tool [125] was chosen

because of its tight integration within EMF [119]. The target test language is based on

the Python programming language and was developed by Cassidian Test & Services.

Inside the company, this test language is known as Automatic Test Language (ATL).

In order to avoid confusion with the Atlas Transformation Language (also abbreviated

ATL) [128], we shall refer to our test language as PL5 in the rest of this document.

PL5 is executed on top of the U-TEST Real-Time System [3] integration test platform.

PL5 was not part of the sample of test languages analysed in Chapter 4, as it did not

exist at that time. It allowed us to challenge the genericity of our test meta-model.

Our implementation covers only a subset of the test meta-model concepts, that were

considered to be sufficient with regards to the case studies (Chapter 7). We followed

a methodology to cover concepts that were offered completely, partially, or not offered

at all by PL5, in order to investigate the specificities and difficulties of automatic code

generation in these cases. We also paid attention to whether the implementation part

of our work would impact or not the test languages analysis or the test meta-model.

Section 6.1 presents the functionalities of the Acceleo tool on a simple meta-model

example. This example captures, at a smaller scale, the main choices that were made

for the implementation of the test meta-model.

Section 6.2 presents the Python-based target executable test language PL5. We

focus on the functionalities that it totally or partially offers, or does not offer at all, in

comparison with the functionalities we defined in the test meta-model. We discuss five

high-level feature categories: test case (Subsection 6.2.1), access to SUT interfaces and

associated test actions (Subsection 6.2.2), test component (Subsection 6.2.3), verdict

management (Subsection 6.2.4) and test suite (Subsection 6.2.5).
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Section 6.3 discusses the manner in which test meta-model concepts were imple-

mented through template-based automatic code generation, by targeting PL5 func-

tionalities. We present automatically generated code and templates examples for our

partial implementation of: the ProviderData (Subsection 6.3.1), SystemUnderTest

(Subsection 6.3.2), TestCase (Subsection 6.3.3), TestComponent (Subsection 6.3.4)

and TestArchitecture (Subsection 6.3.5) concepts. Verdict management is discussed

together with the test case and test component implementation.

Section 6.4 concludes this chapter.

6.1 Acceleo Model-to-Text Tool

Acceleo is an implementation of the Object Management Group (OMG) [129] Meta-

Object Facility (MOF) [130] Model to Text Language (MTL) [131] standard. In our

case, it takes as input: a test model together with the automatic code generation

templates. It produces as output: files in the target test language. An automatic code

generation template defines the mapping between the concepts from the test meta-

model and the test language file structure and code. The template is actually a text with

gaps, where for each individual test model the gaps are filled differently. The various

templates are organized within Acceleo modules. The architecture of the Acceleo tool,

together with the test meta-model, the test models and the templates is shown in Figure

6.1.

Figure 6.1: Acceleo Tool Achitecture -

We present the Acceleo tool on an example. We begin by discussing the two mod-

elling layers that are employed: meta-model level and model level. Next we present the

corresponding code and files that should be automatically generated. Finally, we dis-

cuss the transformation between the model layer and the code by means of automatic

code generation templates with the Acceleo tool.
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We consider a simplified meta-model for the definition of Python classes, with

two EClass elements (PythonClass and ClassAttribute) and two EReference ele-

ments (HasClassAttributes and InheritanceRelation). Notice that the HasClass-

Attributes EReference is a Containment relation. The diagram for this meta-model

is shown in Figure 6.2. We chose this example as the target test language for imple-

mentation of test models is based on Python.

Figure 6.2: Meta-Model Level: PythonClass/ClassAttribute EClass Elements
-

With this meta-model it is possible to define a model for the following classic ex-

ample: the Person and Student classes (Figure 6.3). The Student PythonClass of the

model has an Inheritance with the Person PythonClass. The Person PythonClass

has the HasClassAttributes EReference association with the name and respectively

surname ClassAttribute elements, while the Student PythonClass adds a HasClass-

Attribute EReference association with the major ClassAttribute element.

Figure 6.3: Model Level: Person/Student Python Classes -

For this model, the desired code is shown in Listing 6.1. Each class is defined in its

own Python module.
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1

# Person . py Python module
3 c l a s s Person ( ) :

name = ””
5 surname = ””

7 # Student . py Python module
import Person

9 c l a s s Student ( Person ) :
major = ””

Listing 6.1: Python Modules and Code

In order to automatically generate this desired code, we define an architecture of

three Acceleo modules: one main module (main.mtl) and two modules corresponding to

the PythonClass and ClassAttribute EClass elements (respectively PythonClass.mtl

and ClassAttribute.mtl in Figure 6.4). Each module can contain one or several tem-

plates. We chose to regroup templates concerning a specific meta-model element within

a same module. In this toy example, each module contains only one template.

Figure 6.4: Link between Example Meta-Model Classes and Modules/Tem-
plates -

Let us look at the main module (main.mtl in Listing 6.2). The generateDatabase

template (Lines 8-15) has a simple behaviour: for each PythonClass element inside

the model it calls the PythonClass template. Notice the manner in which the model is

explored inside the Acceleo templates: Acceleo statements are given inside the bracket-

delimited structures: “[ ... /]”. For example, the model is browsed with the [for ...] ...

[/for] construct. In the case of our example model, the PythonClass template is called

twice: once for the Person and once again for the Student. Notice that the main mod-

ule needs to import the PythonClass module before calling the template it contains.

96



6.1 Acceleo Model-to-Text Tool

Information from the model is extracted and then inserted into the automatically gen-

erated code. The text outside the bracket-delimited structures is not interpreted by

the Acceleo tool; it is inserted “as is”into the automatically generated code.

1 [ comment ] main . mtl Acce leo module [ / comment ]

3 [ comment encoding = UTF−8 / ]
[ module main ( ’ PythonClassExemple ’ ) ]

5

[ import PythonClass / ]
7

[ template pub l i c generateDatabase ( aDatabase : Database ) ]
9 [ comment @main / ]

11 [ f o r ( aPythonClass : PythonClass | aDatabase . HasPythonClass ) ]
[ aPythonClass . generatePythonClass ( ) / ]

13 [ / f o r ]

15 [ / template ]

Listing 6.2: main.mtl

For each PythonClass, the generatePythonClass template inside the PythonClass.mtl

module (Listing 6.3) generates the corresponding Python module (Person.py and Stu-

dent.py) and a class skeleton. The generation of Python module files is indicated by the

following structure: [file ... ]. In case thePythonClass for which the Python module

is generated has an InheritanceRelation with another PythonClass, the necessary

import statements are automatically generated as well. This is the case for the Student

PythonClass. The i variable (Line 17) is implicit and corresponds to the current loop

index inside the repetition statement. For clarity issues we did not reproduce in these

Listings the exact page setting of the different templates. Notice that this issue of page

setting is extremely important, as Python is a language for which the page setting in

meaningful: scoping is defined by means of indentations in the code.

In case the PythonClass for which the Python module is generated has one or more

ClassAttribute elements, for each one of these elements the ClassAttribute template

is called (Listing 6.4). For the Person PythonClass the ClassAttribute template is

called twice, while for the Student PythonClass it is called only once. Notice that the

ClassAttribute template does not generate any Python modules, as it serves only to fill

in the Python modules that were already generated by the PythonClass template.
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1 [ comment ] PythonClass . mtl Acce leo module [ / comment ]

3 [ comment encoding = UTF−8 / ]
[ module PythonClass ( ’ PythonClassExemple ’ ) ]

5 [ import C la s sAt t r ibute / ]

7 [ template pub l i c generatePythonClass ( aPythonClass : PythonClass ) ]
[ f i l e ( aPythonClass . name . concat ( ’ py ’ ) , f a l s e , ’UTF−8 ’ ) ]

9

[ f o r ( inher i t edPythonClas s : PythonClass | aPythonClass .
I n h e r i t a n c e R e l a t i o n ) ]

11 import [ inher i t edPythonClas s . name / ]
[ / f o r ]

13

c l a s s [ aPythonClass . name / ]
15 [ f o r ( inher i t edPythonClas s : PythonClass | aPythonClass .

I n h e r i t a n c e R e l a t i o n ) ]
[ inher i t edPythonClas s . name / ]

17 [ i f ( i < aPythonClass . Inhe r i t anceRe la t i on−>s i z e ( ) ) ] , [ / i f ]
[ / f o r ] )

19 [ f o r ( aC la s sAtt r ibute : C la s sAt t r ibute | aPythonClass . HasClassAttr ibutes ) ]
[ aC la s sAtt r ibute . g ene ra t eC la s sAt t r ibu t e ( ) / ]

21 [ / f o r ]

23 [ / f i l e ]
[ / template ]

Listing 6.3: PythonClass.mtl

1 [ comment ] C la s sAt t r ibute . mtl Aceleo module [ / comment ]

3 [ module C la s sAt t r ibute ( ’ PythonClassExemple ’ ) ]

5 [ template pub l i c g ene ra t eC la s sAt t r ibu t e ( aCla s sAtt r ibute : C la s sAt t r ibute ) ]

7 [ aC la s sAtt r ibute . name / ] = ””

9 [ / template ]

Listing 6.4: ClassAttribute.mtl

The approach that we presented begins with the definition of a model and of the

corresponding code and files. Only afterwards do we define the automatic code genera-

tion modules/templates that produce the code and files from the model. This is a well

known approach in literature that has shown its benefits [132]. We confirm that first

defining the targeted code and files eases the implementation of the model.

EReference elements with a true value for the Containment (e.g., HasClassAttributes

between PythonClass and ClassAttribute) appear at Acceleo module level as import

statements (see Figure 6.4 and Listing 6.3). EReference elements with a false value

for the Containment (e.g., InheritanceRelation between two PythonClass elements)
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appear as import statements as well, but at Python module level (see Listing 6.1). The

projection of the meta-model architecture on Acceleo modules/templates and automat-

ically generated code files can aid in the maintenance of the automatic code generation

functionality. Engineers can easily find an existing Acceleo module that implements

a specific meta-model element. When adding new Acceleo templates, they are to be

added by respecting this constraint. The links between automatically generated code

files can be more easily identified as well. These same organization principles were

employed for our demonstrator, but at a larger scale.

The fact that the test meta-model integrates concepts that are present in existing

test languages decreases the difference in level of abstraction between the test meta-

model and the test language targeted for implementation. Work such as [133] resolves

issues like this one by separating the automatic generation of code and its packaging

within files. In our case, we did not consider such an approach to be necessary because

of the closeness between the concepts of the test meta-model and those of the target

test language. The mapping of the test meta-model architecture at automatic code

generation module/template level and Python module level sufficed as an organization

principle.

In this section, we have discussed the Acceleo tool and the different functionalities

it offers for automatic code generation. The concepts presented herein were used for the

implementation of the test meta-model, but at a larger scale than for the toy example

that was discussed.

6.2 Target Python-Based Test Language (PL5)

We discuss in this section a subset of the functionalities and concepts offered by the tar-

get test language PL5, which is based on the scripting programming language Python:

• Test Case (Subsection 6.2.1),

• Access to SUT Interfaces and Associated Test Actions (Subsection 6.2.2),

• Test Component (Subsection 6.2.3),

• Verdict Management (Subsection 6.2.4),

• Test Suite (Subsection 6.2.5).

Although mainly focusing on these PL5 functionalities, the discussion also gives

some hints on which test meta-model concepts were mapped onto which PL5 function-

alities. This mapping issue is elaborated further on in Section 6.3.

We chose to target a test language outside of the initial sample of test languages

(PL1 to PL4) in order to see how our test meta-model would accommodate a new test
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language. At the time of the test language sample analysis (Chapter 4), PL5 did not

exist. Moreover, PL5 lacks some of the functionalities offered by other test languages.

This allowed us to analyse how functionalities not offered or only partially offered by a

test language can be handled.

In case PL5 does not natively offer a functionality present in the test meta-model,

offers it only partially or in a manner inconsistent with the test meta-model, we propose

the following solutions:

• implement the functionality or the missing parts using low-level functionalities

(e.g., test component implemented with Python multi-threading capabilities),

• generate a wrapper around existing functionalities (e.g., PL5 instructions that

access SUT interfaces using their string identifier are wrapped inside navigable

strongly-typed object-oriented structures) and code that employs the wrapper,

• define model-to-text generation only for test models that are compatible with the

offered functionality (e.g., PL5 offers test monitors whose only possible action is

to change the test verdict),

• abandon altogether the implementation of the functionality (e.g., access to SUT

low-level interfaces such as physical buses is not offered by PL5).

The second solution was interesting in order to minimize the differences between

the test meta-model and PL5, for an easier definition and maintenance of the automatic

code generation templates.

We present the various functionalities offered by PL5, by discussing also the manner

in which they were linked with test meta-model concepts.

6.2.1 Test Case

A test case in PL5 is a Python class. It is a specialization of the predefined ATLTestCase

class. Listing 6.5 presents the Python module defined in PL5 corresponding to a test

case skeleton. The name of the Python module and of the Python class for the test case

is the same. These conditions must be met in order to ensure that the PL5 execution

engine is capable of comprehending and executing the test case. Test engineers define

the desired behaviour inside the three existing methods (initialize(), execute()

and finalize()). They are executed sequentially by the external PL5 execution test

engine.

We could directly map the TestCase concept from the test meta-model to the

ATLTestCase class specializations in PL5.
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1

# aTestCase . py Python module
3

from ute s t .ATL import ∗
5

c l a s s aTestCase ( ATLTestCase ) :
7 de f i n i t i a l i z e ( s e l f ) :

# I n i t i a l i z a t i o n s e c t i o n
9 pass

11 de f execute ( s e l f ) :
# Execution s e c t i o n

13 pass

15 de f f i n a l i z e ( s e l f ) :
# F i n a l i z a t i o n s e c t i o n

17 pass

Listing 6.5: aTestCase.py

6.2.2 Access to SUT Interfaces and Associated Test Actions

We discuss in this subsection the manner in which access to ICD elements is achieved in

PL5, as well as the associated test actions that can be called. We consider application

parameters only, as PL5 does not offer access to lower ICD levels. We mapped the

TestAction concept in the test meta-model to the various instructions offered by PL5.

6.2.2.1 Simple Test Actions

For simple interaction with the SUT, PL5 offers access to the dictionary of application

parameters (similarly to PL3). This dictionary is called VsUtils.variables. The applica-

tion parameters are distinguished by means of their string identifiers. Listing 6.6 shows

hot to get and set a parameter value.

While the test meta-model offers a clear object-oriented organization of the SUT

interfaces, this is not the case with PL5. In order to bridge this gap and facilitate

the definition and maintenance of Acceleo templates, we developed wrappers around

the SUT access instructions offered by PL5. These wrappers reconstruct in PL5 the

organization of the test meta-model: navigable strongly-typed tree-like SUT interface

objects and test actions as associated methods. Listing 6.7 shows a simple wrapper.

# Get value
2 oldValue = VsUt i l s . v a r i a b l e s [ ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ ]

4 #Set value
VsUt i l s . v a r i a b l e s [ ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ ] = newValue

Listing 6.6: Simple Test Actions in PL5
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1

# The wrapper
3 SUT 1 . ARINC 429 1 . LABEL 1 .AC SPEED. setValue ( newValue )

5 # The wrapped t a r g e t t e s t language i n s t r u c t i o n c a l l e d by setValue ( )
VsUt i l s . v a r i a b l e s [ ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ ] = newValue

Listing 6.7: Wrapper Example in PL5

6.2.2.2 Time-Dependent Test Actions

For time-dependent interaction with the SUT, PL5 offers predefined instructions (e.g.,

for sine, ramp or square signals). These interactions do not block the execution of the

caller thread, being executed in parallel. The application parameters are distinguished

by means of their string identifiers. An example is given in Listing 6.8.

1 # Time−dependant t e s t ac t i on d e c l a r a t i o n on SUT i n t e r f a c e
s i g n a l S i n u s = ATLInjectionVSSinus ( ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ ,

amplitude =10, per iod ms =10000 , phase rad=math . p i ∗0 . 5 , sampling ms =50)
3

# Time−dependant t e s t ac t i on execut ion c o n t r o l
5 s i g n a l S i n u s . s t a r t ( )

time . s l e e p ( durat ion )
7 s i g n a l S i n u s . stop ( )

Listing 6.8: Time-Dependant Test Actions in PL5

In the above example the desired signal is first defined, together with the SUT

interface on which it is to be applied. Afterwards, the start() command begins the

generation of the signal in a separate execution thread. The generation of the signal is

halted by the stop() command.

Notice that the duration of the time-dependent test action does not appear within

the list of parameters: a time.sleep() instruction is required. As such, we had to

render it explicit within our automatic code generation, so that it corresponds to our

classification of TestAction elements: Timed versus UnTimed (Figure 5.2).

The wrappers used for this type of instructions follow the same principles as the

ones previously discussed, although they are more complex.

6.2.2.3 Fault Injection Test Actions

For fault injection on SUT application parameters, PL5 employs the instructions such

as those shown in Listing 6.9.
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1 VsUt i l s . v a r i a b l e s . addVar iables ( [ ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ , ’
SUT 1/ARINC 429 1/LABEL 1/AC ALTITUDE ’ ] )

3 VsUt i l s . vc . c o n f i g u r e I n j e c t i o n ( ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ , ”
FixedValue ” , in ject ionParams )

Listing 6.9: Fault-Injection Test Actions in PL5

First, the application parameters on which fault injection is to be applied must

be added to a specific set with the addVariables command. Afterwards, the fault

injection is configured for each application parameter in this set with the configure-

Injection command. In the above example, the fault injection consists in forcing a

value for an application parameter.

As previously discussed, this type of instructions were also wrapped and attached

to SUT interface objects.

6.2.3 Test Component

PL5 does not offer the concept of test component, with the exception of a simplified test

monitor. We enriched PL5 with the TestComponent concept of the test meta-model,

by employing the native Python multi-threading functionalities in the automatic code

generation. We did this for the SequentialTestComponent, PeriodicTestComponent

and CycleByCycleTestComponent specializations. We do not discuss it here how these

concepts were implemented, for more information refer to Subsection 6.3.4. For the

sake of variety, we mapped the TestMonitor concept of the test meta-model to the

simplified test monitor offered by PL5. We could have implemented the complete test

monitor concept using low-level functionalities offered by Python, but decided to try

a case with partial implementation of a concept. Only simple test monitors in test

models, compatible with the PL5 test monitor, were targeted in our prototype.

In PL5, a test monitor is a class specializing the predefined ATLAsyncTest class

(Listing 6.10). It has two simple types of conditions on the value of an application

parameter:

• a condition on the last value of an application parameter, at the end of the

execution of the test monitor,

• a condition on the values of an application parameter, during the life of the test

monitor.

The condition is passed as a string parameter to the test monitor. The resulting

behaviour of the test monitor following the activation of the logical condition is implicit:

a local verdict is set depending on the evaluation of the condition during/at the end of

the life of the test monitor. Test engineers cannot modify this predefined behaviour.

In the example in Listing 6.10, if the application parameter has a value higher than
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an admissible threshold during the life of the test monitor, the local test verdict is

automatically set to Fail. The activation duration for the test monitor is passed as a

parameter to the execute command.

As PL5 does not natively offer test components, it also lacks the concept of test

architecture, which we implemented using Python low-level functionalities.

1 asyncExec = ATLAsyncTest ( s e l f )

3 asyncExec . f a i l I f I n t e r v a l ( ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED > 100 ’ , ’
Message ’ )

5 asyncExec . execute (5 )

Listing 6.10: Test Monitor in PL5

6.2.4 Verdict Management

We have already seen some verdict management functionalities when discussing the test

monitor concept in PL5. Verdict management is also possible inside an ATLTestCase.

Two types of test verdicts exist in PL5: pass and fail. See the example in Listing 6.11

where the value of an application parameter is verified against an expected value.

Our implementation considers the following test verdicts defined in the test meta-

model: None, Pass, Fail and Error. The Pass and Fail values were mapped directly

to the ones already offered by PL5. The Error verdict was also mapped to the PL5 fail

verdict, but we accompanied it with specific error messages so as to differentiate the

two. The management of all test verdicts, with the exception of Inconclusive, was

implemented from scratch (see Sections 6.3.3 and 6.3.4).

1 s e l f . f a i l I f ( VsUt i l s . v a r i a b l e s [ ’SUT 1/ARINC 429 1/LABEL 1/AC SPEED ’ ] ==
100 , ’ Message ’ )

Listing 6.11: Verdict Management in PL5

6.2.5 Test Suite

A PL5 test suite is defined outside of the test language itself, inside a GUI that stores

it in external configuration files. A PL5 test group is a sequence of test cases (not to be

confused with the test meta-model TestGroup concept). A PL5 test suite is a file that

contains a sequence of test groups and individual test cases. An example of such an

external configuration file is given in Listing 6.12. It shows two test groups (containing

test cases), as well as two independent test cases.

The TestSuite concept in the test meta-model allows the definition of richer ex-

ecution orders for TestCase elements than PL5. Full implementation of the concept

would have had to be developed from scratch. As inter-test organization was not one of
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our major concerns, we chose in our prototype to address only the implementation of

TestSuite elements compatible with the functionalities offered by the PL5 framework.

The next chapter discusses the manner in which a subset of test meta-model con-

cepts was mapped to functionalities offered by PL5.
1 TestSu i te . t s d e f t e s t s u i t e c o n f i g u r a t i o n f i l e

3 <TestCases>
<TestGroup ID=”MyTestGroup 1” nbOfExecutions=”1” isEnabled=”True”>

5 <TestCase ID=”MyTestCase 1” nbOfExecutions=”2” isEnabled=”True” />
<TestCase ID=”MyTestCase 2” nbOfExecutions=”3” isEnabled=”True” />

7 < /TestGroup>
<TestGroup ID=”MyTestGroup 2” nbOfExecutions=”4” isEnabled=”True”>

9 <TestCase ID=”MyTestCase 3” nbOfExecutions=”5” isEnabled=”True” />
</TestGroup>

11 <TestCase ID=”MyTestCase 4” nbOfExecutions=”6” isEnabled=”True” />
<TestCase ID=”MyTestCase 5” nbOfExecutions=”7” isEnabled=”True” />

13 </ TestCases>

Listing 6.12: Test Suite in PL5

6.3 Architecture of Acceleo Modules/Templates

Before discussing the automatic code generation templates in more detail, let us re-

view the list of test meta-model concepts that were implemented in the demonstrator,

together with the target test language PL5 functionalities they were mapped to:

• ProviderData: ConnectionPointType and associated TestAction elements in

test meta-model → wrapper around PL5 instructions,

• SystemUnderTest in test meta-model → usage of ProviderData wrapper,

• TestCase in test meta-model → ATLTestCase class specializations in PL5,

• TestComponent (except TestMonitor) in test meta-model → code generation

using low-level Python functionalities,

• TestMonitor in test meta-model→ partial implementation towards ATLAsyncTest

class specialization in PL5,

• TestArchitecture in test meta-model→ code generation using low-level Python

functionalities,

• TestSuite in test meta-model→ partial implementation towards PL5 framework

test suites,

• Verdict Management → PL5 functionality upgraded by code generation using

low-level Python functionalities.
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In the demonstrator we only targeted the application parameter level of the ICD.

As PL5 does not offer access to buses and messages, it would not have been realistic to

develop this functionality from scratch for our prototype.

This section presents some of the Acceleo automatic code generation modules/tem-

plates that implement the test meta-model concepts. In Subsection 6.3.1, we cover

the wrapper created around PL5 for the ProviderData concept. Next we discuss in

Subsection 6.3.2 the manner in which the interfaces of the SUT are defined from the “in-

stantiation”of ProviderData elements inside SystemUnderTest elements. Finally we

present the implementation choices for the test case (Subsection 6.3.3), test component

(Subsection 6.3.4) and test architecture (Subsection 6.3.5) concepts. We focus on these

structural elements as the behavioural elements had a straight forward implementation.

6.3.1 ProviderData Implementation

A wrapper is defined for the implementation of the ProviderData concept, including

SUT interface types, toolkits and attached test actions. The wrapper hides the instruc-

tions of the target test language by reproducing the organization of the ProviderData

using Python classes and methods. This was one of the first architectural choices for

the automatic code generation. It allowed us to:

• reduce the abstraction level between the test models and the automatically gen-

erated code and consequently simplifying the Acceleo modules/templates,

• facilitate the link between the test model and automatically generated code, for

debugging purposes.

We will see next how this is achieved. Listing 6.13 shows the file My ProviderData.py,

created for a hypothetical My ProviderData ProviderData instance in a test model.

Let us consider that My ProviderData contains:

• a FloatApplicationParameter instance of the ApplicationParameterType con-

cept, with:

- the setValue and generateRampSignal instances of the TestAction concept,

• a TimeManagementToolkit instance of the Toolkit concept, with:

- the waitDuration instance of the TestAction concept.

All test actions have input/output parameters that we do not detail here.

A Python class is defined for each concept in the test meta-model. For example,

the ApplicationParameterType Python class is created for the ApplicationParameter-

Type EClass (Listing 6.13, Line 7). Afterwards, for each instance of the said concept
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inside the test model, specialization classes are defined. For example, for the Float-

ApplicationParameter instance of the ApplicationParameterType EClass, a Python

class with the same name is created specializing the ApplicationParameterType Python

class (Line 15).

Observe that the instantiation relation between the ApplicationParameterType in

the test meta-model and the FloatApplicationParameter in the test model is trans-

lated into a specialization relation between the ApplicationParameterType Python

class and the FloatApplicationParameter Python class. This is linked to our imple-

mentation of the Type Object design pattern [127]: classes are created for the type (in

the test meta-model) and the type instances (in the test model), with specialization re-

lations between them. Thus, some instantiation relations between the test meta-model

and test models are transformed into specialization relations at code level.

A number of methods are attached to the Python classes, corresponding to the

associated test actions. As previously discussed, some test actions are attached to SUT

interface types (Lines 19-22), while others are attached to tookits (Listing 6.13, Line

25). These methods hide the implementation details in PL5, making it resemble the

test meta-model. For example, the generateRampSignal method (corresponding to the

test action in the test model with the same name) hides the ATLInjectionVSRamp()

time-dependent test action from PL5 (Subsection 6.2.2.2), acting as a wrapper.

A snippet of the ProviderData.mtl template, which led to the creation of the

My ProviderData.py file, is shown in Listing 6.14. Notice towards the end of the

file that additional templates are called: generateConnectionPointType and generate-

Toolkit (Lines 26-30). The modules containing them were imported at the beginning

of the file: ConnectionPointType and Toolkit (Lines 5, 6). For each concept in the

test meta-model we created its own module. Consequently, the architecture of Ac-

celeo modules maps the organization of the test meta-model, similarly to the manner

in which this organization is mapped onto the automatically generated files and code.

This was another architectural choice for our implementation, which we believe can aid

test solution provider engineers to work with the modules and with the automatically

generated files and code based on their knowledge of the structure of the test meta-

model. Some information inside the template is static (identical to the generated code)

(Lines 11-23), while some information is dynamically generated (Lines 25-31).
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1 from ute s t .ATL import ∗
import time

3 from thread ing import Thread

5 # [ From Test Meta−Model ] ConnectionPointType EClass S p e c i a l i z a t i o n s (
showing here only a subset )

. . .
7 c l a s s ApplicationParameterType :

name = ””
9

c l a s s Too lk i t :
11 name = ””

13 # [ From Test Model ] ConnectionPointType F i r s t ” I n s t a n t i a t i o n ” ( showing
here only a subset )

. . .
15 c l a s s FloatAppl icat ionParameter ( ApplicationParameterType ) :

name = ” Float App l i ca t ion Parameter”
17 instanceName = ””

f u l l P a t h = ””
19 de f setValue ( s e l f , newValue ) :

p r i n t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” Executing
TestAction ” , ” setValue ( ) ”

21 VsUt i l s . v a r i a b l e s [ s e l f . f u l l P a t h ] = newValue
de f generateRampSignal ( s e l f , s tartValue , endValue , DurationValue ,

DurationUnit ) :
23 . . .

25 c l a s s TimeManagementToolkit ( Too lk i t ) :
name = ”TimeManagementToolkit”

27 de f waitDuration ( s e l f , DurationValue , DurationUnit ) :
. . .

Listing 6.13: My ProviderData.py Snippet
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[ comment ] ProviderData . mtl Aceleo module [ / comment ]
2

[ module ProviderData ( ’ http :// eads . t s . ate . hmi . s t e l a e . model/model/ s t e l a e .
e co re ’ ) ]

4 [ import content : : getNameQuery / ]
[ import ConnectionPointType / ]

6 [ import Too lk i t / ]
[ template pub l i c generateProviderData ( aProviderData : ProviderData ) ]

8

[ f i l e ( aProviderData . name . getName ( ) . concat ( ’ . py ’ ) , f a l s e , ’UTF−8 ’ ) ]
10

from ute s t .ATL import ∗
12 import time

from thread ing import Thread
14

# [ From Test Meta−Model ] ConnectionPointType EClass S p e c i a l i z a t i o n s (
showing here only a subset )

16 . . .
c l a s s ApplicationParameterType :

18 name = ””

20 c l a s s Too lk i t :
name = ””

22

# [ From Test Model ] ConnectionPointType F i r s t ” I n s t a n t i a t i o n ” ( showing
here only a subset )

24 . . .
[ f o r ( aConnectionPointType : ConnectionPointType | aProviderData .

HasConnectionPointTypes−>s e l e c t ( any : ConnectionPointType | any .
oclIsTypeOf ( ApplicationParameterType ) ) ) ]

26 [ aConnectionPointType . generateConnectionPointType ( ) / ]
[ / f o r ]

28

[ f o r ( aToo lk i t : Too lk i t | aProviderData . HasToolk its ) ]
30 [ aToo lk i t . g ene ra t eToo lk i t ( ) / ]

[ / f o r ]
32

[ / f i l e ]
34 [ / template ]

Listing 6.14: ProviderData.mtl Snippet

6.3.2 SystemUnderTest Implementation

Here we discuss how ICD element types (e.g., FloatApplicationParamater Python class)

presented in the previous Subsection are instantiated in order to define the interfaces

of an SUT. Let us consider a My TestContext instance of the TestContext concept,

containing a My SUT instance of the SystemUnderTest concept. MySUT contains:

• an ARINC 429 1 PhysicalBusInstance of the ARINC 429 PhysicalBusType,

109



6. TEST MODEL IMPLEMENTATION

• with an ARINC 429 Label 1 MessageInstance of the ARINC 429 Label Message-

Type,

• that transports a App Parameter 1 ApplicationParameterInstance of the Float-

ApplicationParameter ApplicationParameterType.

The needed files and code for the various types of SUT interface are automatically

generated through the means presented in the previous Subsection (see for example the

Python class created for the float type of application parameter in Listing 6.13).

The simplified automatically generated file and code for My SUT is shown in List-

ing 6.15. Observe the cascading instantiation: the My SUT creates an instance of

an ARINC 429 physical bus (Line 31), which in turn creates an object for an AR-

INC 429 Label (Line 20), and so forth until reaching the application parameter level.

This example corresponds to the second instantiation step discussed in Section 5.8. The

only element that is not instantiated here is My SUT. As will be seen in Subsection

6.3.4, it is instantiated by the test components that interact with the SUT. In Listing

6.15, My ProviderData is imported at the beginning so as to have access to the Python

classes defined for the different SUT interface types (Line 1). The fullPath attribute

(Listing 6.15 - Lines 7, 18, 30) is used to store the string identifier for each ICD element.

The simplified Acceleo module/template that created the My SUT.py file can be

found in Listing 6.16. The cascade instantiation by the My SUT for all the physical

buses it contains can be observed in Lines 22-24, while the instantiation by the AR-

INC 429 1 for all the messages in contains can be observed in Lines 12-14. Notice

also the creation of the fullPath attribute by concatenating several SUT interface ele-

ment names (Lines 9, 20), while exploring the test model in a direction inverse to the

containment direction (a SystemUnderTest owns a PhysicalBusInstance, while this

PhysicalBusInstance knows who its owner is through the IsOwnedBySystemUnderTest

EReference).
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import My ProviderData
2

# The Appl icat ionParameter Elements
4

c l a s s Instance App Parameter 1 ( MyProviderData . FloatAppl icat ionParameter ) :
6 instanceName = ”My App Parameter 1”

f u l l P a t h = ”My SUT/ARINC 429 1/ARINC 429 Label 1/App Parameter 1”
8 pe rmanent Iden t i f i e r = ””

10 # The MessageInstance Elements
. . .

12 # The Log ica lBusIns tance Elements
. . .

14 # The Phys ica lBusInstance Elements

16 c l a s s Instance ARINC 429 1 ( MyProviderData . ARINC 429) :
instanceName = ”ARINC 429 1”

18 f u l l P a t h = ”My SUT/ARINC 429 1”
pe rmanent Iden t i f i e r = ””

20 ARINC 429 Label 1 = Instance ARINC 429 Label 1 ( )

22 # The PinInstance Elements
. . .

24 # The ConnectorInstance Elements
. . .

26 # The SystemUnderTest Element

28 c l a s s Instance My SUT ( MyProviderData .CPIOM) :
instanceName = ”My SUT”

30 f u l l P a t h = ”My SUT”
ARINC 429 1 = Instance ARINC 429 1 ( )

Listing 6.15: My SUT.py Snippet
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1 . . .
import [ aSystemUnderTest . IsOfSystemUnderTestType . IsOwnedByProviderData .

name . getName ( ) / ]
3 . . .

# The Phys ica lBusInstance Elements
5

[ f o r ( aPhys ica lBusInstance : Phys ica lBusInstance | aSystemUnderTest .
HasPhys ica lBusInstances ) ]

7 c l a s s I n s t a n c e [ aPhys ica lBusInstance . name . getName ( ) / ] ( [
aPhys ica lBusInstance . IsOfPhysicalBusType . IsOwnedByProviderData . name .
getName ( ) / ] . [ aPhys ica lBusInstance . IsOfPhysicalBusType . name . getName ( )
/ ] ) :

instanceName = ” [ aPhys ica lBusInstance . name / ] ”
9 f u l l P a t h = ” [ aPhys ica lBusInstance . IsOwnedBySystemUnderTest . name . getName

( ) / ] / [ aPhys ica lBusInstance . name . getName ( ) / ] ”
pe rmanent Iden t i f i e r = ” [ aPhys ica lBusInstance . Permanent Ident i f i e r / ] ”

11 . . .
[ f o r ( aMessageInstance : MessageInstance | aPhys ica lBusInstance .

HasMessageInstances ) ]
13 [ aMessageInstance . name . getName ( ) / ] = I n s t a n c e [ aMessageInstance . name .

getName ( ) / ] ( )
[ / f o r ]

15 [ / f o r ]
. . .

17 # The SystemUnderTest Element
c l a s s I n s t a n c e [ aSystemUnderTest . name . getName ( ) / ] ( [ aSystemUnderTest .

IsOfSystemUnderTestType . IsOwnedByProviderData . name . getName ( ) / ] . [
aSystemUnderTest . IsOfSystemUnderTestType . name . getName ( ) / ] ) :

19 instanceName = ” [ aSystemUnderTest . name / ] ”
f u l l P a t h = ” [ aSystemUnderTest . name . getName ( ) / ] ”

21 . . .
[ f o r ( aPhys ica lBusInstance : Phys ica lBusInstance | aSystemUnderTest .

HasPhys ica lBusInstances ) ]
23 [ aPhys ica lBusInstance . name . getName ( ) / ] = I n s t a n c e [ aPhys ica lBusInstance .

name . getName ( ) / ] ( )
[ / f o r ]

25 [ / f i l e ]
[ / template ]

Listing 6.16: SystemUnderTest.mtl Snippet

6.3.3 TestCase Implementation

We discuss here the implementation of the test case concept of the test meta-model.

Let us consider that the My TestContext discussed in the previous Subsection also

contains a My TestCase and a My SequentialTestComponent. The latter is instan-

tiated once inside the test case, the name of the instance being My SequentialTest-

Component 1. This instance is started within the My TestSection of the test case. The

corresponding automatically generated file and code is shown in Listing 6.17.
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Notice the manner in which we reuse the ATLTestCase class from PL5 (previously

discussed in Subsection 5.4.2):

• My TestCase is a specialization of the the ATLTestCase class (Line 7),

• we implement the predefined ATLTestCase class methods: initialize(), execute()

and finalize() (Lines 16, 20, 35).

First an instance of My SequentialTestComponent is defined (Line 10). Within the

execute() method, inside the My TestSection indicated by a comment (Line 24), the

test component instance is started (Line 25). The end of this method presents part

of our implementation of the global test verdict synthesis from local test verdicts: the

global test verdict of the test case is synthesized from the local test verdicts of the

test component instances (Listing 6.17, Lines 27-31). In this simplified example, the

global test verdict of the test case is equivalent to the local test verdict of its sole test

component instance. Notice the import statements at the beginning (Listing 6.17, Lines

2-5). The test context is necessary as the test component instance needs to be made

aware of the environment in which it is executed (Line 11), so as to have access to the

SUT interfaces, shared data pool and events. The provider data is necessary so that the

test case be capable of calling test actions on toolkits, although our simplified example

does not take advantage of this functionality. The names of the Python modules to

import are derived by exploring the relations of the test meta-model, in the same

manner in which the fullPath attribute was previously constructed.

We do not discuss here the corresponding Acceleo automatic code generation tem-

plate, as it does not bring any new information in comparison to those templates we

already presented.
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from ute s t .ATL import ∗
2 import time

import My TestContext
4 import My ProviderData

import My SequentialTestComponent
6

c l a s s My TestCase ( ATLTestCase ) :
8 TestCaseVerdict = 0

MyTestContext = MyTestContext . MyTestContext ( )
10 My SequentialTestComponent 1 = My SequentialTestComponent .

My SequentialTestComponent ( )
My SequentialTestComponent 1 . TestContext = MyTestContext

12 My SequentialTestComponent 1 . InstanceName = ”
My SequentialTestComponent 1 ”

14 # TestArch i t ec ture Implementation
. . .

16 de f i n i t i a l i z e ( s e l f ) :
p r i n t ”STELAE Online . . ”

18 pass

20 de f execute ( s e l f ) :
s e l f . My SequentialTestComponent 1 . TestCase = s e l f

22 pr in t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” S ta r t i ng
TestCase ” , ”My TestCase”

24 # My TestSection
s e l f . My SequentialTestComponent 1 . StartExecutableElement ( )

26 whi le ( not ( s e l f . My SequentialTestComponent 1 . Execut ionStatus==”
ExecutionStopped ” ) ) : pass

s e l f . TestCaseVerdict = s e l f . My SequentialTestComponent 1 .
TestComponentVerdict

28 i f ( s e l f . TestCaseVerdict == 0) :
# s e l f . f a i l I f ( True , ”NONE”)

30 pr in t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” [NONE] ” , ”
Verd ict o f TestCase” , ”My TestCase”

. . .
32 pr in t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” Stopping

TestCase ” , ”My TestCase”
pass

34

de f f i n a l i z e ( s e l f ) :
36 pr in t ”STELAE O f f l i n e . . ”

pass

Listing 6.17: My TestCase.py Snippet

6.3.4 TestComponent Implementation

In this Subsection we discuss the implementation of the test component concept. This

functionality was not natively offered by PL5 and consequently we had to add it through

our code generation, using native Python multi-threading instructions.
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Let us consider My SequentialTestComponent that we previously discussed. We

assume that its behaviour corresponds to a simplified auto-test scenario and is sepa-

rated into two sequential blocks: Initialization and Verification. Initialization sets the

value of App Parameter 1 to zero and afterwards pauses its execution for one sec-

ond. Verification sets the value of App Parameter 1 to one and verifies after one

second that the initial value has changed. Listing 6.18 presents the corresponding

automatically generated file and code. Notice that the Python class corresponding

to the test component is a specialization of threading.Thread (Line 5), which al-

lows us to launch the execution of each test component in a separate thread. Our

test component also inherits the run() (Line 24) and start() (Line 17) methods

from thread.Threading. The start() method launches the execution of the run() be-

haviour in a separate thread. We added three new interfaces to the test component,

taken from the test meta-model: Start/Pause/StopExecutableElement() (Lines 14,

20, 22). StartExecutableElement() acts as a wrapper for the start() method. We

also added an ExecutionStatus attribute for the test component (Line 11), needed for

implementing from scratch the manner in which the execution of a test component

is controlled. Notice how the test sections in the model are transformed into code

annotations (Lines 27, 31).

The end of the run() method shows our implementation of the global test verdict

synthesis from local test verdicts: the test verdict of the test component is derived

from the verdicts of all the checks (Lines 34-39). The catching of exception leads to

the Error test verdict (Lines 41-44).

The periodic and cycle-by-cycle test components have a more complex execution

control that manages the duration of the code execution, while setting an error local

verdict in case the code execution duration is not respected by the test platform.

Because of the size of the Acceleo automatic code generation modules/templates

for the test component concept, we do not present them here. We tried to reuse as

much as possible of the templates for all test component types. All templates for test

component are identical, with the exception of the behavioural part that appears inside

the run() method, which is specific to each test component type. We do not discuss

the test monitor implementation because of the simplicity of reusing the PL5 monitor

construct.

As you will see later on (Chapter 7), the test model is much more concise and

user-friendly than the generated code.
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1 . . .
import My ProviderData

3 import My SUT

5 c l a s s My SequentialTestComponent ( thread ing . Thread ) :
My SUT = My SUT. Instance My SUT ( )

7 TimeManagementToolkit = MyProviderData . TimeManagementToolkit ( )

9 # Accessor Dec la ra t i on
. . .

11 Execut ionStatus = ” ExecutionStopped ”
TestComponentVerdict = 0

13

de f StartExecutableElement ( s e l f ) :
15 i f ( s e l f . Execut ionStatus != ”ExecutionRunning” ) :

s e l f . Execut ionStatus = ”ExecutionRunning”
17 s e l f . s t a r t ( )

e l s e :
19 pr in t ”TestComponentInstance” , s e l f . InstanceName , ” Already Running”

de f PauseExecutableElement ( s e l f ) :
21 . . .

de f StopExecutableElement ( s e l f ) :
23 . . .

de f run ( s e l f ) :
25 pr in t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” S ta r t i ng

TestComponentInstance” , s e l f . InstanceName
try :

27 # I n i t i a l i z a t i o n
s e l f .My SUT. ARINC 429 1 . ARINC 429 Label 1 . App Parameter . setValue (0 )

29 s e l f . TimeManagementToolkit . waitDuration (1 , ” second ” )

31 # V e r i f i c a t i o n
s e l f .My SUT. ARINC 429 1 . ARINC 429 Label 1 . App Parameter . setValue (1 )

33 s e l f . TimeManagementToolkit . waitDuration (1 , ” second ” )
i f ( s e l f .My SUT. ARINC 429 1 . ARINC 429 Label 1 . App Parameter . getValue

( )==1) :
35 pr in t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” [PASS ]

s e l f .My SUT. ARINC 429 1 . ARINC 429 Label 1 . App Parameter .
getValue ( )==1”

s e l f . TestComponentVerdict = max(1 , s e l f . TestComponentVerdict )
37 s e l f . TestCase . f a i l I f ( False , ”PASS” )

e l s e :
39 . . .

pass
41 except :

p r i n t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” [ERROR] ” ,
s e l f . InstanceName

43 t raceback . p r i n t e x c ( f i l e=sys . s tdout )
s e l f . TestComponentVerdict = 4

45 pr in t ” ( ” , time . s t r f t i m e ( ’%H:%M:%S ’ , time . l o c a l t i m e ( ) ) , ” ) ” , ” Stopping
TestComponentInstance” , s e l f . InstanceName

s e l f . Execut ionStatus = ” ExecutionStopped ”

Listing 6.18: My SequentialTestComponent.py Snippet
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6.3.5 TestArchitecture Implementation

We discuss in this subsection the implementation of the test architecture concept. Let

us consider that My SequentialTestComponent has an My Accessor formal interface for

float application parameters. All of the behaviour of the test component is defined on

this accessor, while the test architecture specifies on which SUT interface this behaviour

is reflected. Listing 6.19 shows the definition of the accessor inside the automatically

generated code for My SequentialTestComponent (Line 4). The accessor is a strongly-

typed object, having access to all the test actions (i.e., methods) owned by the SUT

interface type to which it connects (this is the reason why we implemented the accessor

as an instance of connection point type). Listing 6.20 shows the template that was

used for generating this accessor definition. Once defined, the accessor is used in the

Initialization section (Listing 6.19, Line 9), replacing the previous direct access to the

application parameter (Listing 6.18, Line 28).

c l a s s My SequentialTestComponent ( thread ing . Thread ) :
2 . . .

# Accessor Dec la ra t i on
4 My Accessor = My ProviderData . FloatAppl icat ionParameter ( )

. . .
6 de f run ( s e l f ) :

. . .
8 # I n i t i a l i z a t i o n

s e l f . My Accessor . setValue (0 )

Listing 6.19: My SequentialTestComponent.py - ApplicationParameterAccessor Snippet

1 [ module Eng ineerVar iab leAcces sor ( ’ http :// eads . t s . ate . hmi . s t e l a e . model/
model/ s t e l a e . e co re ’ ) ]

[ import content : : getNameQuery / ]
3

[ template pub l i c genera teEng inee rVar iab l eAcces so r (
aEng ineerVar iab leAccessor : Eng ineerVar iab leAcces sor ) ]

5 [ aEng ineerVar iab leAccessor . name . getName ( ) / ] = [ aEng ineerVar iab leAccessor .
ReferencesEngineerVar iableType . IsOwnedByProviderData . name . getName ( )
/ ] . [ aEng ineerVar iab leAcces sor . ReferencesEngineerVar iableType . name .
getName ( ) / ] ( )

[ / template ]

Listing 6.20: EngineerVariableAccessor.mtl Snippet

We consider that the test architecture specifies a connection between My Accessor

and App Parameter 1 of the SUT. The accessor is defined in the Python class cor-

responding to the test component, while the connection is in the Python class corre-

sponding to the test case. Listing 6.21 shows the definition of the connection inside the

automatically generated code for My TestCase (Line 4). This is achieved by giving the

accessor the identifier of the SUT interface, through the fullPath attribute. Listing 6.22

shows the template used for assigning the value of the fullPath attribute, by traversing
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the tree-like ICD structure and concatenating the names of the interfaces, in reverse

order of containment. The various [comment] .. [/comment] blocks where used only to

spread the template code onto several lines, so as to enhance its clarity.

c l a s s My TestCase ( ATLTestCase ) :
2 . . .

# TestArch i t ec ture Implementation
4 My SequentialTestComponent 1 . My Accessor . f u l l P a t h = ”My SUT/ARINC 429 1/

ARINC 429 Label 1/App Parameter 1”

Listing 6.21: My TestCase.py - TestArchitecture Snippet

[ module Connect ionPointAccessorConnect ion ( ’ http :// eads . t s . ate . hmi . s t e l a e .
model/model/ s t e l a e . e co re ’ ) ]

2 [ import content : : getNameQuery / ]

4 [ template pub l i c generateConnect ionPointAccessorConnect ion (
aConnect ionPointAccessorConnect ion : Connect ionPointAccessorConnect ion
) ]

[ i f ( aConnect ionPointAccessorConnect ion .
ProvidesAccessToConnect ionPointInstance . oc lIsTypeOf (
Eng inee rVar iab l e Ins tance ) ) ]

6 [ aConnect ionPointAccessorConnect ion . ForTestComponentInstance . name . getName
( ) / ] . [ comment ]

[ / comment ] [ aConnect ionPointAccessorConnect ion .
ProvidesAccessForConnect ionPointAccessor . name . getName ( ) / ] . f u l l P a t h = [
comment ]

8 [ / comment ] ” [ aConnect ionPointAccessorConnect ion .
ProvidesAccessToConnect ionPointInstance . oclAsType (
Eng inee rVar iab l e Ins tance ) . IsOwnedByMessageInstance .
IsOwnedByPhysicalBusInstance . IsOwnedBySystemUnderTest . name . getName ( )
/ ] / [ comment ]

[ / comment ] [ aConnect ionPointAccessorConnect ion .
ProvidesAccessToConnect ionPointInstance . oclAsType (
Eng inee rVar iab l e Ins tance ) . IsOwnedByMessageInstance .
IsOwnedByPhysicalBusInstance . name . getName ( ) / ] / [ comment ]

10 [ / comment ] [ aConnect ionPointAccessorConnect ion .
ProvidesAccessToConnect ionPointInstance . oclAsType (
Eng inee rVar iab l e Ins tance ) . IsOwnedByMessageInstance . name . getName ( ) / ] / [
comment ]

[ / comment ] [ aConnect ionPointAccessorConnect ion .
ProvidesAccessToConnect ionPointInstance . oclAsType (
Eng inee rVar iab l e Ins tance ) . name . getName ( ) / ]”

12 [ / i f ]
[ / template ]

Listing 6.22: ConnectionPointAccessorConnection.mtl Snippet
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6.4 Conclusion

In this Chapter we presented the implementation of some of the concepts of the test

meta-model (test case, test component, SUT interfaces and interactions, test verdict

management), through model-to-text template-based automatic code generation. We

targeted a new test language that we called PL5, which is executable on the U-TEST

Real-Time System [3] integration test platform. The Acceleo tool [125] was used for the

automatic code generation. For our implementation, we took the structure of the test

meta-model as an organizing principle of the Acceleo modules/templates, as well as of

the automatically generated Python files and code. We found that this approach was

helpful and allowed us to better navigate the rich set of domain-specific concepts. We

also showed how information from test models is handled by the Acceleo modules/tem-

plates in order to implement the chosen concepts. We targeted functionalities already

offered by PL5 (e.g., test case), functionalities that were lacking (e.g., test component),

as well as functionalities that were partially offered (e.g., test monitor).

The automatic code generation from test models to test language files and code is

quasi-instantaneous.

A well-known approach for an easy and rapid definition of automatic code generation

templates is to first select a source simple example (we chose a test case from a case

study that we will discuss in Chapter 7), then define the expected target (what the

generated files and code would be) and only afterwards develop the templates that

map the two [132]. Our experience confirms this, as we encountered no difficulty

when developing the templates while being guided by the use case. Currently, around

40% of the concepts present in the test meta-model have been implemented. The

missing concepts were not implemented as the simple/medium complexity case study

did not require them. Moreover, we targeted a test language that only offered access to

the application parameter level of the SUT interfaces. Consequently, concepts related

to the bus and message ICD hierarchical levels could not be implemented. For the

implemented concepts we defined a total of seventy-five Acceleo modules, each with

one template. A total effort of one person-month was required for the definition of the

modules/templates.

The implementation did not raise major questions concerning the test meta-model,

which did not suffer many modifications. The only problems that were identified con-

cerned information inside the test meta-model which was not always directly accessible

from a given concept. For example, as test components can call toolkits, they need to

have access to the test solution provider section where the toolkits are declared. In the

test meta-model no direct relation exists between the two. A path can nevertheless be

found linking the two, by traversing the relations between the test component, the test

case that instantiates it, the test engineer section and finally the test solution provider

section. Some of the relations on this path were initially uni-directional in the test
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meta-model, and consequently for a given test solution provider section we could find

all the test components linked to it, but not the other way around. The implementa-

tion helped us identify such situations and complete the test meta-model by rendering

some relations bi-directional. The implementation did not raise major questions con-

cerning the test languages analysis either. As PL5 did not exist when we finalized our

test languages analysis, its usage for the implementation of our approach allowed us to

challenge the genericity of our analysis, as well as of our test meta-model. Had PL5

existed at that time, it would not have changed the outcomes of our test languages

analysis, nor the structure of the test meta-model.

The approach based on model-to-text transformations and structured templates

sufficed for our implementation. We did not consider it useful to use more complex

techniques for implementing the test models, such as those discussed in [132] or [133]

(e.g., a two-step transformation: generation of unstructured code followed by its orga-

nization within files, useful when one part of the model acts as a source to several pieces

of code). In addition, model-to-model transformations were not considered, as none of

the test languages to which we had access had a corresponding meta-model that we

could target. Our approach was motivated by the similarity between the test meta-

model concepts and the target test language functionalities. Moreover, our organization

of the different domain-specific concepts is inspired from what the test languages of-

fer and as such sometimes direct mappings can be defined from test models to test

language files/code. In any case, we believe that the following minimal functionalities

need to be offered by a target programming language in order to implement our test

models without much difficulty:

• access to the SUT interfaces by employing ICD-derived identifiers,

• an object-oriented programming paradigm,

• multi-threading capabilities.

We would also like to mention an issue that is important in an industrial envi-

ronment: debugging. This topic can be discussed from two complementary points of

view. The first concerns the debugging of the automatic code generation templates by

test solution provider engineers. The second concerns the debugging of test models by

test engineers (i.e., test engineers do not debug the automatically generated code, in

conformance with the model-driven engineering philosophy).

As regards faults inside automatic code generation templates, we currently do not

have a validation solution. This would be a difficult issue to resolve due to the fact

that the target proprietary test languages do not have a formal semantics or implicitly

verified properties (as in the case of the SCADE Suite [134]). We tried to alleviate the

problem by proposing:

120



6.4 Conclusion

• wrappers around target test language instructions, based on the textual represen-

tation of the test meta-model, in order to enhance the clarity of the link between

the automatically generated code and the textual representation (going even fur-

ther with the wrapper method by defining additional ones would be possible),

• an agile use-case-based approach, where automatic code generation templates

are defined and verified based on a use-case containing the input model and the

expected output files/code,

• a test meta-model-based architecture of automatic code generation templates

and automatically generated files/code, that eases their definition, navigation

and maintenance (in addition, the Acceleo environment offers auto-completion

facilities for navigating the meta-model and inserting the required data inside the

templates).

With regard to faults inside test models, this issue is common to all model-driven

approaches, as existing debugging tools were developed to work at code level. For our

specific approach, various solutions have been identified:

• tackle the debug issue at test model level, for example by inserting the break-

point concept inside the test meta-model, employing annotation-based round-trip

engineering techniques, adding extra OCL rules or developing a specific tool,

• bring closer together the grammars of the textual representation of the test meta-

model behavioural part and of the target test language: by modifying the concrete

test model syntax and adding wrappers (we did this but there were limitations:

the concrete syntax we were able to define was not exactly that of Python),

• a more radical solution (allowed by the modularity of the test meta-model) would

be to decouple the structural and behavioural aspects of the test meta-model, with

the templates previously presented being reused for the structural part, while the

behavioural part being defined directly in the target test language. This solution

would forfeit the fault avoidance, customization and portability features the test

meta-model currently offers, but would allow the reuse of existing tools (at least

for the behaviour, if not for the structural concepts). Such partial uses for our

work are further discussed in the perspectives of Chapter 8.

The next chapter presents two case studies inspired from real-life.
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Case Studies

Our prototype, called Systems TEst LAnguage Environment (STELAE), was developed

as an Eclipse plug-in for the Man-Machine Interface (MMI) component of the U-TEST

Real-Time System [3]. STELAE allows us to illustrate the complete test development

approach, from the editing of test models to the execution of the automatically gener-

ated code on the U-TEST Real-Time System test platform. The targeted executable

test language was PL5.

In this chapter we demonstrate the functionalities of STELAE on two simplified case

studies inspired from real-life. They target Flight Warning System (FWS) (Section 7.1)

and respectively Air Data Inertial Reference System (ADIRS) (Section 7.2) simplified

models. We presented STELAE and the ADIRS case study in an article accepted at

an international conference [135].

7.1 FWS - Engine Fire Alarm Synthesis

This first case study is inspired from a real one targeting an FWS. We chose this

FWS-inspired test study as we had access to the real ICD. For confidentiality issues we

cannot present the ICD or its model here. Our simplified FWS employs AFDX buses

for transporting its input and output application parameters. We developed a simple

simulation of the FWS behaviour in PL1, based on the original detailed design. PL1 is

executable in parallel with PL5, on the same target integration test platform: U-TEST

Real-Time System [3].

An FWS monitors other systems of an aircraft, and in case failures or dangerous

flight conditions are detected, informs the crew of these problems by means of alarms.

We deal here with the synthesis of an output alarm for an engine fire situation,

based on four input partial alarms. This logic is validated in two steps. First the four

input partial alarms are activated and the starting of the output alarm within 1 second
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is verified. Secondly, two among the four input partial alarms are deactivated and the

stopping of the output alarm after 17 seconds is verified.

For this demonstration we defined a MyProviderData with the different types of

SUT interface levels for an AFDX bus (Figure 7.1). Taking the logic of the test case

into account, the test engineer is offered several test actions for the BooleanAppli-

cationParameter type, such as: getValue() and setValue(). Test actions that do not

correspond to interactions with the SUT are distributed inside toolkit structures. Such

an example is waitDuration(), attached to the TimeManagementToolkit. Figure 7.1

does not show the parameters of these test actions, but they are part of the test model.

In STELAE, a password-based access control system restricts access to the test

solution provider section.

Figure 7.1: U-TEST MMI - STELAE Perspective - MyProviderData -

With the user role, we entered the MyUserData part of the test model (Figure 7.2).

Let us first look at the structural elements entered in the graphical editor on the left.

We entered the FWS system under test and its interfaces, using the types available in

MyProviderData. We defined an Alarm reset function test case that starts an instance

of the STC Alarm reset function sequential test component, in a new thread. The

test component has its behaviour structured in four sequential blocks: Initialization,
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SetAlarmCheck, ResetAlarmCheck and DeInitialization. Initialization sets the four

input partial alarms to false and waits for 1 second. SetAlarmCheck activates the

four input partial alarms, waits for 1 second and then verifies that the output alarm is

activated. ResetAlarmCheck deactivates two among the four input partial alarms, waits

for 17 second and then verifies that the output alarm is deactivated. DeInitialization

puts the FWS in a no-alarm state. Figure 7.2 also shows the test context for the other

case study concerning the ADIRS, as well as another test case we implemented for the

FWS but that we do not discuss here.

A number of Python scripts were generated. They can be noticed in the left “Model

Project”view of Figure 7.2. After their execution in the “Console”view, the results of

the test are shown in the “Test Management”view.

In order to test our implementation of the test verdict management, we inserted a

fault inside the FWS model: the output alarm is not deactivated. As expected, the

test verdict that was returned was False.

7.2 ADIRS - Consolidated Aircraft Speed Value

This case-study concerns the consolidated aircraft speed value functionality. It is in-

spired from a real one targeting the ADIRS [65]. We chose the ADIRS-inspired case

study as it allowed us to demonstrate a number of domain-specific concepts that we

integrated in the test meta-model (e.g., timed stimulations such as sine, the cycle-by-

cycle test component). We did not have access to the real ICD, nor to the real ADIRS

design.

We developed a simple simulation of part of the ADIRS behaviour in Python. The

ADIRS deals with the acquisition of several application parameters necessary for the

flight control system (e.g., altitude, speed, angle of attack). For each of these application

parameters, redundant sensors exist and a consolidated value is computed from the set

of available input values.

We deal here with the aircraft speed application parameter. The values of three

input application parameters (AC SPEED 1/2/3) are used to compute the value of the

output consolidated application parameter (AC SPEED). We assume that our simpli-

fied ADIRS employs ARINC 429 buses for transporting its input and output application

parameters. Figure 7.3 shows the interfaces of the ADIRS in our test model.

The ADIRS logic is the following:

• Nominal behaviour: The consolidated value is the median of the three input

values, if the median does not diverge from the other two values. The divergence is

measured as the differences between the median value and the other two values.

The median is divergent if these differences exceed a certain threshold during

three consecutive execution cycles.
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Figure 7.2: U-TEST MMI - STELAE Perspective - FWS -
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Figure 7.3: ADIRS - SystemUnderTest -

• Degraded behaviour: If the median of the three input values diverges from the

remaining two for more than three cycles, then the source having produced the

median is permanently eliminated. The consolidated value is the average of the

remaining two values.

For this system under test, we consider here two test cases verifying the behaviour:

• Nominal behaviour test case: Verify that the consolidated value remains equal

to the median of the three input values in the presence of a small-amplitude sine

oscillation that does not render the three input values divergent.

• Degraded behaviour test case: Inject a divergence on one of the three input

values and verify that the consolidated value is equal to the average of the two

remaining values. Verify that the divergent source is permanently eliminated,

even if the divergence is corrected.

These test cases should be executed on all combinations of input application param-

eters. For example, one can render divergent first AC SPEED 1, then AC SPEED 2

and finally AC SPEED 3. As the tested behaviour is identical in all these three cases,

the reuse of a parametrized test component is convenient.

We first discuss the functionalities that the test solution provider must make avail-

able to test engineers (Figure 7.1). Let us assume that only the following elements are

already available to the test engineer: the AFDX bus and float application parameter

types. The following predefined test actions are accessible for the FloatApplicationPa-

rameter type: setValue(), getValue() and generateRampSignal(). But the test engineer

will also need access to the ARINC 429 bus type and to the generateSineSignal() test

action on float application parameter type. Consequently, the test solution provider

can add them to the list of already existing ones using the predefined extension points.

Once these elements are rendered available by the test solution provider, they can be

used by the test engineers in order to model the ICD of their SUT and to call test

actions on its different interface elements.
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For our case study, a test engineer would define a unique ADIRS Validation test

context, comprising the two test cases: Nominal TestCase and Degraded TestCase.

Two test components are added as well to the test context: Nominal Component and

Degraded Component. In the framework of the case study, each test component is

instantiated once within each previously mentioned test cases: Nominal Component 1

and respectively Degraded Component 1. In real life, there would be several test cases,

each with its own component instances.

In order to render the test components reusable, we add four formal interfaces

to each one: three for the inputs (First IN, Second IN and Third IN) and one for the

output (OUT). The connection to the corresponding permutation of ADIRS parameters

is defined within the test architectures owned by the test cases.

Let us now look at our two test components. First it is important to mention that

the two test components are of different types, as they need to behave differently in

order to validate the SUT. The Nominal TestComponent is a sequential test component

because the test logic is fairly simple, while the Degraded Component is a cycle-by-cycle

test component, as a finer temporal control was needed for expressing the tolerance in

number of cycles the ADIRS has with regard to its inputs.

We defined three sequential blocks for the Nominal Component sequential test com-

ponent: Initialization, Stimulation and Behaviour. The Initialization sequential block

initializes the SUT by setting three coherent values for the three input engineer vari-

ables (First/Second/Third IN). Notice that we refer here to the formal interfaces of

the test component. The Stimulation sequential block applies a sine signal on one of

the input engineer variables (Second IN). The sine signal does not render the engineer

variable divergent with regard to the remaining two. The Behaviour sequential block

verifies that the value for the output parameter (OUT) is the median.

Figure 7.4 exemplifies the cycle-by-cycle behaviour for the Degraded Component

test component. First the ADIRS is initialized with coherent values for the three input

engineer variables. Next, one of the inputs (First IN) is rendered divergent and the

fact that the divergent source has been eliminated after three cycles is verified. Finally

the divergent source is rendered coherent and the fact that it remains permanently

eliminated is verified. Note that in our case study the chosen values for the aircraft

speed are fictional and do not correspond to realistic ones.

Figure 7.5 shows the corresponding model in the STELAE graphical editor.

Listings 7.1 and 7.2 show the behaviour of the Initialization and respectively Cycle 5

cycles in the STELAE textual editor. It is important to re-mention that the concrete

syntax presented is only an example, as several ones can be defined for the test meta-

model, catering to the individual needs and tastes of the different users.
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7.2 ADIRS - Consolidated Aircraft Speed Value

Figure 7.4: Degraded Component - Behaviour Description -

Figure 7.5: Degraded Component - Low-Level Structural Elements -
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1 Cal lAcces so r f i r s t I N . setValue ( 2 0 . 0 )
Ca l lAcces so r second IN . setValue ( 3 0 . 0 )

3 Cal lAcces so r th i rd IN . setValue ( 4 0 . 0 )

Listing 7.1: Degraded Component - Initialization Cycle

1 Check (OUT == 3 5 .0 )

Listing 7.2: Degraded Component - Cycle 5 Cycle

In order to test one of our OCL checks and the Error verdict, we inserted a fault

inside one of the cycles of the Degraded Component: a waitDuration() call with a pa-

rameter higher than the cycle duration. The OCL check we defined for such situations

correctly identified the design problem. Nevertheless, we pursued with the production

of the erroneous code. The problem was also identified at runtime, when our imple-

mentation set an Error verdict as the duration of the cycles was not being respected

during execution.

As can be seen in Figure 7.6, we implemented several other test cases for the ADIRS

in order to test our approach. We do not discuss those here as they do not bring new

information in comparison to the test cases we already presented. Figure 7.6 also shows

the test context for the other case study concerning the FWS.

For the Nominal TestCase, Figure 7.7 shows the “Runtime”perspective of the U-

TEST MMI component, where we can observe the modification of the values for our

different application parameters during execution. The “Array”view on the left com-

prises a list of application parameters that we observe during the execution of the tests.

Notice the three AC SPEED 1/2/3 STATUS variables. They are internal to our sim-

ulation of the ADIRS (i.e., not part of the ICD), corresponding to whether a source

was eliminated or not because of its divergence from the other two. We rendered them

observable in order to see the internal state of the simulated SUT. The different “Os-

cilloscope”views show the evolution of the different engineer variables in time. Notice

the sine variation injected by the Degraded TestCase.

7.3 Conclusion

In this chapter we demonstrated the functionalities of our first prototype called STE-

LAE on two case studies inspired from real-life. They concerned the FWS and ADIRS

avionics embedded systems. For each of these systems we developed a simulation for

their behaviour, for the first one in PL1 and for the second one in Python. We had

access to the real ICD of the FWS. For the ADIRS we defined one from scratch. We

focused on the AFDX avionic bus in the first test case, while the second employed the

ARINC 429 avionic bus.
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7.3 Conclusion

Figure 7.6: U-TEST MMI - STELAE Perspective - ADIRS -
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Figure 7.7: U-TEST MMI - Runtime Perspective - ADIRS -
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7.3 Conclusion

We covered a number of test engineer activities on these case studies: the definition

of test models, the automatic generation of files and code, as well as the execution on

top of a real integration test platform: the U-TEST Real-Time System [3]. Currently

we can demonstrate these functionalities on simple to medium complexity test cases.

Once the SUT interfaces are entered, defining the different test models of our case

studies took only a couple of minutes.

One of our perspectives is to demonstrate the functionalities of STELAE on more

complex case studies: attacking different ICD hierarchical levels for communication

with the SUT, as well as targeting richer behaviour with a more complicated temporal

logic. Another perspective would be to define a benchmark comprising a number of

test case specifications, and afterwards compare the experience of test engineers with

STELAE against their experience with existing test language. We could measure the

time they spend for defining the test cases, the number of interactions with the user

interfaces, as well the number of errors. This would allow us to assess in an objective

manner the gain that our approach may deliver in comparison with existing ones.

133



7. CASE STUDIES

134



8

Conclusion and Perspectives

This project investigated the definition of a model-driven engineering approach for the

development of in-the-loop tests for avionics embedded systems. We were motivated

by the fact that existing test development solutions used in our field no longer respond

to the needs expressed by the stakeholders: aircraft manufacturers, equipment/system

providers and test solution providers. These evolving requirements concern the capa-

bility to exchange portable tests between stakeholders, to more easily customize and

maintain the test development solution, to increase the productivity of test engineers

and the quality of the tests. In addition, no standard exists or is emerging in our field,

in contrast to other fields. For example, hardware testing at the production and main-

tenance life-cycle phases benefits from the ATLAS [112] and ATML [113] international

standards. Unfortunately, existing standards such as those previously mentioned are

not directly reusable in our industrial context, as they do not offer the needed specific

functionalities. Finally, test engineers do not benefit from the latest methodologies and

technologies issued from software engineering, such as model-driven engineering. In

order to tackle all these issues, we propose a model-driven approach in which test mod-

els take the central position of the test development activity, replacing the test code

that currently holds this position. A meta-model is the foundation of any model-driven

approach, as it constraints the definition of test models in a manner similar to that

in which the grammar of a programming language constraints the writing of code. A

meta-model integrates the domain-specific concepts and their relations. Consequently,

in order to define our own test meta-model we needed to pursue the analysis of current

practice.

Our first contribution consists in the analysis of a sample of four proprietary test

languages currently used in our industrial domain. For comparison purposes, we also

chose two test languages outside the field of avionics: TestML [114], that was issued

from a research project in the automotive domain, and TTCN-3 [82], which is a ma-

ture international standard used for the testing of telecommunications protocols and
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distributed systems. To the best of our knowledge, no such analysis has been previ-

ously performed. We focus on four major categories of features exhibited by the test

languages:

• the organization of the tests,

• the abstraction and access to the interfaces of the SUT,

• the language instructions for performing test control and test interaction actions,

• the management of time.

Our analysis followed a clear methodology. For each feature that was identified we

looked at the way it was offered by the test languages. This was based on the analysis

of different available information for each test language, such as: user manuals, presen-

tations, articles and books, as well as dedicated test specifications and procedures. In

case a test language did not offer one feature or offered it in a manner different from

the other test languages in our sample, we discussed the issue with test engineers, ask-

ing for clarifications. This analysis allowed us to identify a rich set of domain-specific

features/concepts, together with best practices and pitfalls to avoid. The analysis con-

firmed the initial hypotheses that motivated our work: the world of test languages in

our industrial context is heterogeneous, but it was possible to identify common con-

cepts. The conclusions of our test languages analysis were summarized in a list of

meta-modelling guiding principles that steered the definition of our test meta-model.

In addition to representing the foundation for our meta-modelling work, the results

of this first contribution are immediately useful to stakeholders in this field, allowing

them to identify manners in which they could improve existing test languages or define

new ones from scratch.

The second contribution consists in the definition of a test meta-model that inte-

grates the rich set of domain-specific concepts in a homogeneous manner, while taking

into account the best practices in the field. The test meta-model separates test solu-

tion provider and test solution user concerns. Consequently it allows the test solution

provider to more easily customize and maintain the test solution. The test meta-model

also separates structural aspects from behavioural ones. This separation was in favour

of developing a mixed editor, where structural elements are entered graphically and

behavioural ones coded in a textual form. In spite of this separation, structural and

behavioural elements are consistently integrated inside the test meta-model, with con-

straints on the type of behaviour specifiable for a structural element. Such constraints

are intended to serve fault avoidance purpose. In addition, the test meta-model pro-

poses strongly-typed elements for the SUT interfaces and attached test actions. We

used meta-modelling not only as an instrument in order to define our domain-specific

concepts and their relations, but also to gain access to a rich set of existing free and
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open-source tools: graphical and textual model editors, checkers and automatic code

generators. This enabled us to rapidly develop our first prototype.

Our third contribution consisted in the implementation of a first prototype on top

of a real integration test platform: the commercially available U-TEST Real-Time

System [3] developed at Cassidian Test & Services. We called the prototype: Systems

TEst LAnguage Environment (STELAE). We used a template-based model-to-text

transformation, targeting a Python-based executable proprietary test language. The

target test language did not exist at the time of our first analysis of the field and

consequently provided us the opportunity to challenge the genericity of our test meta-

model, as well as of our test languages analysis. We proposed a method for organising

the automatic code generation templates and the automatically generated code and

files, in order to simplify the implementation task, based on the organisation of the test

meta-model. We did not consider more advanced transformation functionalities, the

template-based approach being sufficient for our needs. For the development of tests

by test engineers, STELAE integrates a mixed (graphical and textual) customizable

test development environment that was plugged in the Man-Machine Interface (MMI)

component of the U-TEST Real-Time System. Finally, this prototype allowed us to

evaluate the employed technology with regard to possible future industrialization. Our

meta-model stood the test of implementation, with very limited modifications being

brought to it during this phase of our project.

Our STELAE prototype was employed for the modelling of two case studies in-

spired from real-life. We can currently demonstrate the definition of test models, their

implementation and execution, for simple to medium complexity test cases.

A first perspective of our work consists in expanding the sample of analysed test

languages with test languages used in other domains, in order to evaluate the possibil-

ity of having a unique homogeneous solution between different industrial fields (e.g.,

between the avionics and automotive industries).

A second perspective is on the subject of the test meta-model semantics. Currently,

most of the static semantics is found inside the test meta-model, with the rest being

distributed inside OCL rules, Java classes, informal textual documents, and the tex-

tual representation. A formal semantics would be desirable for the test meta-model,

especially for its execution dynamics. A major issue is that executable test languages

targeted for the implementation of test models do not have a formal semantics them-

selves. The same problem arises for TTCN-3. In addition, a single semantics seems

difficult to attach to the test meta-model, because of the different variation points. For

example, the semantics of a periodic component in a hardware-in-the-loop situation

would be different from that of a same test component type used in a model-in-the-

loop situation, where a logical view of execution cycles suffices.
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Another perspective would be to finalise the implementation of the test model de-

velopment environment with more user-friendly functionalities needed in a production

environment, while alleviating the multi-editor synchronization issues we identified.

The automation of currently manual activities in our prototype, such as the definition

of SUT interfaces by parsing an ICD, would be a welcome addition. Moreover, wizards

guiding test engineers and allowing them access only to restricted portions on the test

meta-model, based on their choices, could simplify the user experience and hide the

complexity of the test meta-model.

A fourth important perspective deals with the investigation of better debugging

functionalities. This problem can be analyzed from two points of view: whether it

concerns the debugging performed by the test solution provider on the automatic code

generation templates, or the debugging performed by the test engineer on the test

model.

Regarding faults within automatic code generation templates, our work seeked to

alleviate the problem. Wrappers were defined around target test language instructions,

in order to enhance the clarity of the link between the automatically generated code

and the textual representation of the test model behaviour. This direction can further

be explored. An agile approach based on use-cases (i.e., exemplary input models and

their expected output files/code) guided our definition of the automatic code generation

templates. The use-cases served for the verification of the transformation. Finally we

proposed an organization of the automatic code generation templates and automatically

generated files/code based on the structure of the test meta-model, that eases their

maintenance by engineers accustomed to the test meta-model.

Regarding faults at test model level, three approaches can be envisioned. The first

approach consists in tackling the debugging issue at test model level, for example by

inserting the breakpoint concept inside the test meta-model, employing annotation-

based round-trip engineering techniques or developing specific debuggers. The second

solution consists in bringing closer together the grammars of the textual representation

of the test meta-model behavioural part and of the target test language. The concrete

syntax for the test model behaviour would nevertheless be constrained by the test meta-

model: although the concrete syntax of STELAE resembles that of Python, they are

not identical. The third approach is more drastic, taking advantage of the modularity

of the test meta-model to replace its behavioural part with the target test language. In

this case, existing debugging tools could be reused (for the behavioural part), but the

fault avoidance, customizability and portability characteristics of our approach would

be forfeited. The already defined automatic code generation templates that target

structural concepts could be reused as well. The used implementation language would

nevertheless need to be upgraded with functionalities offered by the test meta-model

(e.g., time-bounded structures, constraints on behaviour depending on the structure).
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This is an important issue to be analysed on its own because of the complexity and

specificities of the test meta-model. On-the-fly automatic code generation would be

necessary in order to gain access inside the test language to structural elements defined

in the test model. We consider that a more thorough evaluation of these issues is

required.

Other partial uses for our work consist in the upgrade of existing test languages

with concepts and best practices issued from our test languages analysis/test meta-

model. Inside Cassidian Test & Services, on-going discussions concern the upgrade of

PL5 with test components and a richer verdict management, together with the upgrade

of the U-TEST Real-Time System internal ICD representation to take into account

strongly-typed constructs, with a list of test actions attached to SUT interface types.

The graphical editor could also serve as a basis for the generation of richer test case

skeletons than those currently offered, improving the user experience with PL1 or PL5.

Finally, the linking of our approach with existing model-based testing (for test

generation from SUT functional specification) techniques can be envisioned. Abstract

test cases derived from the SUT behaviour specification could be translated into our

test models, for implementation purposes.
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Abstract

The development of tests for avionics systems involves a multiplicity of in-

house test languages, with no standard emerging. Test solution providers

have to accommodate the habits of different clients, while the exchange of

tests between aircraft manufacturers and their equipment/system providers

is hindered. We propose a model-driven approach to tackle these prob-

lems: test models would be developed and maintained in place of code,

with model-to-code transformations towards target test languages. This

thesis presents three contributions in this direction. The first one consists

in the analysis of four proprietary test languages currently deployed. It al-

lowed us to identify the domain-specific concepts, best practices, as well as

pitfalls to avoid. The second contribution is the definition of a meta-model

in EMF Ecore that integrates all identified concepts and their relations. The

meta-model is the basis for building test model editors and code generation

templates. Our third contribution is a demonstrator of how these technolo-

gies are used for test development. It includes customizable graphical and

textual editors for test models, together with template-based transforma-

tions towards a test language executable on top of a real test platform.
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Abstract

Le développement de tests pour les systèmes d’avioniques met en jeu une

multiplicité de langages de test propriétaires, sans aucun standard émergent.

Les fournisseurs de solutions de test doivent tenir compte des habitudes des

différents clients, tandis que les échanges de tests entre les avionneurs et

leurs équipementiers / systémiers sont entravés. Nous proposons une ap-

proche dirigée par les modèles pour s’attaquer à ces problèmes: des modèles

de test sont développés et maintenus à la place du code, avec des transforma-

tions modèle-vers-code vers des langages de test cibles. Cette thèse présente

trois contributions dans ce sens. La première consiste en l’analyse de qua-

tre langages de test propriétaires actuellement déployés. Elle nous a permis

d’identifier les concepts spécifiques au domaine, les meilleures pratiques,

ainsi que les pièges à éviter. La deuxième contribution est la définition

d’un méta-modèle en EMF Ecore, qui intègre tous les concepts identifiés

et leurs relations. Le méta-modèle est la base pour construire des éditeurs

de modèles de test et des motifs de génération de code. Notre troisième

contribution est un démonstrateur de la façon dont ces technologies sont

utilisées pour l’élaboration des tests. Il comprend des éditeurs personnalis-

ables graphiques et textuels pour des modèles de test, ainsi que des transfor-

mations basées-motifs vers un langage du test exécutable sur une plateforme

de test réelle.
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Introduction

Cette thèse de doctorat est une collaboration entre trois entités:

• un partenaire industriel: Cassidian Test & Services (une société EADS) de Colomiers,

France,

• et deux partenaires académiques - laboratoires de recherche de Toulouse, France:

– le Laboratoire d’Analyse et d’Architecture de Systèmes (LAAS-CNRS),

– l’Office National d’Études et de Recherches Aérospatiales (ONERA).

Le test est l’un des moyens principaux de vérification et de validation, qui cible

l’élimination des fautes [1]. Dans le domaine de l’avionique, il est une étape cru-

ciale pour la certification des systèmes qui sont installés à l’intérieur d’un avion [2].

L’automatisation de l’exécution des tests est un sujet de recherche de longue date, qui

est aussi important aujourd’hui que jamais en raison des avantages importants qu’il

offre par rapport aux tests manuels.

Le contexte industriel de ce travail est le test d’intégration des systèmes avioniques

embarqués. Nous avons été motivés par le constat que les solutions existantes pour

l’automatisation des tests dans notre contexte industriel ne répondent plus aux besoins

des parties concernées. Le monde des langages de test, dans lesquels les cas de test sont

développés, comprend de nombreux langages propriétaires et est hétérogène: chaque

langage de test propose des fonctionnalités différentes et les fonctionnalités communes

sont offertes de différentes manières. Comme aucune norme ne se dessine dans ce

domaine et que les langages de test existants sont différents, l’échange d’artefacts de

test entre les différents acteurs est entravé. Cette situation est difficile aussi pour les

fournisseurs de solutions de test, qui doivent s’adapter aux besoins individuels de chaque

client. En outre, les ingénieurs de test ne profitent pas des dernières méthodologies et

technologies avancées issues du génie logiciel.
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1. INTRODUCTION

Afin de répondre à tous ces besoins, nous proposons le transfert des méthodologies

et technologies de l’ingénierie dirigée par les modèles, issues du génie logiciel, dans le

domaine de la mise en œuvre de tests pour systèmes avioniques embarqués. Ainsi, des

modèles de test de haut-niveau, indépendants des plate-formes de test, remplaceraient

la pratique actuelle. Pour leur exécution, les modèles de test seront traduits en langages

de test exécutables existants. Cette proposition est motivée par le fait que les cas de

test sont des logiciels et par conséquent peuvent bénéficier des dernières avancées en

matière de développement logiciel.

Le Chapitre 2 présente l’état de l’art du domaine du test. Nous discutons les travaux

existants en nous concentrant sur deux questions principales: la conception des tests

(sélection et oracle de test) et la mise en œuvre des tests (méthodologies et formalismes

pour le développement des tests).

Le Chapitre 3 aborde les spécificités de notre contexte industriel.

Notre première contribution (Chapitre 4) consiste en l’analyse d’un échantillon de

langages de test actuellement utilisés dans l’industrie. Nous avons ciblé un échantillon

formé de quatre langages de test propriétaires utilisés de façon opérationelle dans

l’avionique, et de deux langages de test utilisés respectivement dans le domaine des

télécommunications et systèmes distribués et celui de l’automobile. Cette analyse nous

a permis d’identifier l’ensemble des fonctionnalités/concepts spécifiques au domaine,

les meilleures pratiques, ainsi que les pièges à éviter.

Notre deuxième contribution (Chapitre 5) consiste en la définition d’un méta-modèle

de test qui intègre un ensemble riche de concepts spécifiques au domaine, tout en tenant

compte des meilleures pratiques.

La troisième contribution (Chapitre 6) consiste en la mise en œuvre d’un premier

prototype implémenté sur une plate-forme de test d’intégration réelle, disponible dans

le commerce: U-TEST Real-Time System [3] développée chez Cassidian Test & Ser-

vices. Nous avons utilisé une transformation modèle-vers-texte basée-motifs, ciblant un

langage de test exécutable propriétaire.

Le prototype permet d’illustrer le développement de modèles de test, leur implémentation

et leur exécution, sur deux cas d’utilisation d’une complexité simple et moyenne (Chapitre

7).

Le Chapitre 8, comprenant les conclusions et les perspectives de nos travaux, conclut

ce document.
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État de l’art - Le test

Ce chapitre présente l’état de l’art sur le thème du test.

Le test est une méthode de vérification dynamique visant à l’élimination des fautes

[1]. Il consiste en la stimulation du système sous test avec des entrées valuées et en

l’analyse de ses résultats par rapport au comportement attendu.

Dans le domaine du test, deux défis principaux sont habituellement traités : la

conception du test et l’implémentation du test. La conception du test porte sur la

définition de la logique du test, tandis que l’implémentation concerne le développement

du code de test pour automatiser l’exécution de cette logique sur des plates-formes

données.

La conception du test peut être divisée en deux questions: la sélection de test

(Section 2.1) et l’oracle de test (Section 2.2). La sélection du test concerne le choix

du comportement à tester et des données d’entrée associées. L’oracle de test concerne

la manière dont un verdict peut être émis sur la conformité du comportement observé

par rapport à celui attendu attendu.

L’implémentation du test met en jeu des méthodologies de développement

de tests (Section 2.3) et des formalismes de développement de tests (Section

2.4). Les méthodologies de développement de tests donnent les lignes directrices que

les ingénieurs de test doivent suivre pour implémenter les tests. Les formalismes de

développement de tests permettent la définition de tests qui sont automatiquement

exécutables.

La plupart des travaux universitaires existants se concentrent sur la conception du

test, la sélection du test étant un sujet de recherche plus souvent abordé que l’oracle

de test. Bien que les publications sur l’implémentation du test soient moindres, ce

sujet présente néanmoins des défis importants. Automatiser l’exécution des tests est

un enjeu majeur dans un contexte industriel.
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2.1 Sélection de test

À l’exception de cas triviaux, le test exhaustif de tous les comportements possibles que

peut présenter un système n’est pas réalisable. Par conséquent, un petit nombre de

cas de test qui couvrent un sous-ensemble du domaine d’entrée doit être identifié. La

sélection peut être guidée par des critères liés à un modèle de la structure du système ou

des fonctions qu’il offre. Ces deux catégories donnent lieu au test structurel [24, 25]

et fonctionnel.

Le test structurel définit des éléments couvrir dans un modèle de type graphe de

contrôle [24], éventuellement enrichi par des informations sur le flot des données [25].

Pour le test fonctionnel, il n’existe pas de modèle standard (tel que le graphe de

contrôle). Par conséquent, le test fonctionnel couvre un large éventail de méthodes et

de techniques, qui dépendent du formalisme utilisé pour modéliser le comportement du

système. Des approches bien connues incluent :

• des décompositions du domaine d’entrée en classes de valeurs [28, 29],

• des modélisations à états [30, 31, 32, 34, 35, 43],

• des spécifications algébriques [49, 50],

• des tables de décisions,

• des profil d’utilisation probabilistes [54, 55].

Pour une présentation détaillée de la sélection de test, y compris des informations

sur son industrialisation, le lecteur peut se référer aux ouvrages existants [20, 21, 22, 23].

2.2 Oracle de test

L’analyse automatique des résultats de test est souhaitable et devient nécessaire quand

un grand nombre d’entrées du système sous test ont été sélectionnées.

Les solutions les plus satisfaisantes sont basées sur l’existence d’une spécification

formelle du logiciel cible, utilisable pour déterminer les résultats attendus.

Le test dos-à-dos représente une autre solution pour le problème de l’oracle de

test, en particulier pour les systèmes qui ont de la diversification fonctionnelle à des

fins de tolérance aux fautes. D’autres solutions d’oracles de test partiels peuvent être

employées, en utilisant des contrôles de vraisemblance sur les résultats des tests. Des

contrôles plus sophistiqués utilisent des invariants qui peuvent également prendre en

compte des aspects temporels [64, 65]. Des assertions/contrats exécutables peuvent

également être inclus dans le code logiciel [66, 67, 68].
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2.3 Méthodologies de développement de tests

Les méthodologies de développement de test donnent des lignes directrices que les

ingénieurs de test utilisent quand ils développent des tests. L’objectif est de délivrer

du code de test de haute qualité (par exemple, annoté avec des commentaires, structuré,

compréhensible, documenté et réutilisable). L’ouvrage [69] offre une vue d’ensemble des

pratiques existantes, ainsi que des études sur des cas réels.

Cet ouvrage discute notamment des techniques d’écriture de scripts de test. Cinq

techniques de script sont présentées, chacune avec ses forces et ses faiblesses: linéaire,

structurée, partagée, guidée par les données de script et guidée par des mots clés.

La comparaison de la sortie du système sous test avec la sortie attendue (problème

de l’oracle) est également discutée. Enfin, [69] se penche sur les questions concernant

les outils de gestion de tests, l’organisation et la conduite des tests, ainsi que sur les

paramètres permettant la mesure de la qualité des tests.

Ces méthodologies sont la plupart du temps informelles, se trouvant dans les doc-

uments textuels que les ingénieurs de test sont censés lire et appliquer.

2.4 Formalismes de développement de tests et outils as-
sociés

Les formalismes de développement de tests et les outils associés sont des technologies

qui permettent la production de cas de test qui sont automatiquement exécutables sur

une plate-forme de test donnée. Trois grands types de solutions peuvent être identifiés:

les outils de capture & rejeu, les frameworks de test, les langages de test

et la modélisation des tests. Des exemples illustrant chaque type de solution sont

discutés plus en détail dans la Section 2.4 du tome en anglais de ce mémoire.

Modélisation de tests La modélisation de tests se base sur l’hypothèse que les

cas de test sont des logiciels, et en tant que tels peuvent bénéficier des méthodes et

technologies avancées issues du génie logiciel, comme par exemple l’ingénierie dirigée

par les modèles (MDE) [92]. L’utilisation des approches MDE dans le monde du test

est un domaine de recherche actif, bien que les publications existantes ne soient pas

nombreuses. Nous ne parlons pas ici des techniques de sélection de test basées-modèles

telles que celles déjà discutées dans la Section 2.1. L’accent est ici sur l’implémentation

des tests.

La plupart des travaux existants sur l’implémentation de tests utilisent le Unified

Modeling Language (UML) [93] pour les modèles de test. Un profil UML pour le test -

UML Testing Profile (UTP) [94] - a été standardisé par le Object Management Group

(OMG) [129]. Plusieurs projets ont porté sur l’intégration de UTP et du langage de
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test Testing and Test Control Notation Version 3 (TTCN-3) [83], tels que [95]. Un

méta-modèle pour TTCN-3 peut être trouvé dans [96], plus tard encapsulé dans la

plate-forme TTworkbench [97]. Un projet similaire chez Motorola [98] utilise la suite

d’outils TAU [99].

Certains auteurs ont proposé leurs propres profils UML. Un profil UML et des

transformations de modèles pour le test d’applications Web sont discutés dans [100].

Dans l’avionique, la modélisation UML de logiciels de simulation pour le test modèle-en-

boucle est proposée dans [101]. Toujours dans l’avionique, [102] propose des modèles de

test conformes à un méta-modèle de test (intégrant des formalismes basées-automates),

pour la deuxième génération de Integrated Modular Avionics (IMA) [103]. Des travaux

antérieurs par les mêmes auteurs incluent la modélisation de tests basée sur des auto-

mates pour leur plate-forme RT-Tester [104, 105].

Les méta-modèles de langages de l’ITU-T, tels que TTCN-3 ou Specificaton and

Description Language (SDL), sont étudiés dans [106]. L’objectif est de s’abstraire des

grammaire concrètes Backus–Naur Form (BNF) et utiliser un ensemble de concepts

fondamentaux partagés par une famille de langages. Des concepts identifiés par des

experts sont utilisés comme support pour la construction de méta-modèles pour chaque

langage.

D’autres artefacts utilisés pendant les tests, en plus des cas de tests eux-mêmes,

peuvent bénéficier de l’ingénierie dirigée par les modèles. Par exemple, la modélisation

de l’environnement du système sous test est discutée dans [107].

Dans le même esprit que les différents travaux ci-dessus, nous nous sommes con-

centrés sur l’utilisation de l’ingénierie dirigée par les modèles pour le développement

de tests. Le partenaire industriel de ce projet, Cassidian Test & Services, est un four-

nisseur d’outils d’automatisation de l’exécution des tests et de plates-formes de test

pour des composants et systèmes avioniques embarqués.

2.5 Conclusion

Dans ce chapitre, nous avons présenté l’état de l’art sur le test. Nous avons discuté les

défis majeurs dans ce domaine (la conception et l’implémentation des tests), ainsi que

les solutions qui ont été ou qui sont actuellement étudiées.

La conception du test peut être divisée en deux questions: la sélection du test

et l’oracle de tests. La sélection du test est largement discutée dans la littérature,

contrairement à l’oracle de test. Les solutions au problème de la sélection de tests

pertinents comprennent des approches telles que le test fonctionnel et structurel.

L’implémentation du test peut être scindée dans les deux problématiques suiv-

antes : les méthodologies de développement de tests et les formalismes/outils. Les
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méthodologies de développement des tests guident les ingénieurs de test dans leur ac-

tivité de codage, tandis que les formalismes de développement de tests et les outils leur

permettent d’automatiser le codage (au moins partiellement). Dans le milieu universi-

taire, ces questions ont reçu beaucoup moins d’intérêt que les questions de sélection du

test. Néanmoins, elles jouent un rôle important dans les environnements industriels,

où l’automatisation des tests peut fournir de nombreux avantages que les techniques

de test manuelles ne pourront jamais atteindre.

Notre travail se positionne dans le domaine des formalismes de développement de

tests. Nous nous sommes concentrés sur l’introduction des méthodologies et tech-

nologies modernes de l’ingénierie dirigée par les modèles dans le domaine du test des

systèmes avioniques embarqués. Le Chapitre 3 présente les spécificités de notre con-

texte industriel, qui justifient et motivent la contribution proposée par cette thèse de

doctorat.
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Contexte industriel

Nous discutons brièvement notre contexte industriel dans ce chapitre : le test d’intégration

en-boucle de systèmes avioniques embarqués. L’analyse des caractéristiques de notre

contexte industriel montre qu’une nouvelle approche dirigée par les modèles serait utile,

justifiant ainsi la pertinence du sujet que nous avons choisi de traiter par ces travaux.

3.1 Système avionique embarqué

Dans cette section, nous discutons les spécificités des systèmes avioniques embarqués

: leur cycle de vie (Sous-section 3.1.1), leurs interfaces (Sous-section 3.1.2) et leur

comportement (Sous-section 3.1.3).

3.1.1 Cycle de vie et activités de test

La vérification et la validation d’un système avionique embarqué comprend un processus

rigoureux, avec des activités de test spécifiques attachées aux différentes phases du

cycle de vie [108]. Le présent document se concentre sur les phases de test en boucle

qui se produisent pendant le processus de développement. Un système avionique est

étroitement couplé à son environnement. Le test en boucle résout ce problème en ayant

un modèle de l’environnement pour produire les données.

Le test en boucle se présente sous diverses formes :

• modèle-en-boucle (en anglais, model-in-the-loop ou MiL),

• logiciel-en-boucle (en anglais, software-in-the-loop ou SiL),

• matériel-en-boucle (en anglais, hardware-in-the-loop ou HiL).
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3.1.2 Document de contrôle d’interface (ICD)

Dans le domaine de l’avionique, les interfaces d’un système sont présentées dans un

Interface Control Document (ICD). Quelque soit le format spécifique, le document

contient des informations sur les interfaces, à plusieurs niveaux hiérarchiques (Figure

3.1).

Figure 3.1: Exemple de Interface Control Document (ICD) -

Généralement un tuple est utilisé pour identifier de manière unique une instance

particulière d’un élément de l’ICD. Un tuple peut représenter un chemin dans la struc-

ture arborescente de l’ICD :

≪ SUT 1/ARINC 429 1/LABEL 1/AC SPEED ≫.

Dans les procédures de test, il est souvent pratique de disposer de noms symboliques

plus courts.

3.1.3 Comportement réactif

Les composants d’un système avionique présentent généralement un comportement

cyclique, où un cycle d’exécution lit les données d’entrée et calcule les sorties. Les com-

posants consommateurs s’attendent à recevoir leurs données d’entrée dans les fenêtres

temporelles imposées par la communication cyclique.
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Globalement, le test en boucle correspond à une approche complètement différente

de celle utilisée pour tester les systèmes distribués asynchrones, où l’envoi de quelques

messages déclenche l’activité fonctionnelle d’un système autrement au repos.

3.2 La plateforme de test

Pour un système avionique embarqué, une plate-forme de test a normalement les

éléments suivants :

• un contrôleur de test,

• des ressources de test,

• un réseau de test,

• un langage du test.

Le traitement de la logique de test est centralisé: le contrôleur de test exécute les

tests écrits dans un langage pris en charge par la plate-forme. Au cours de l’exécution,

des commandes sont envoyées aux ressources de test permettant d’effectuer les interac-

tions réelles avec le système sous test. Le réseau de test comporte deux parties, l’une

reliant le contrôleur de test aux ressources de test (réseau de commande de test) et

l’autre reliant les ressources de test au système sous test (réseau d’interaction de test).

3.3 Intervenants et évolution des besoins

Le test d’intégration des systèmes avioniques inclut les types suivants d’intervenants :

• des fournisseurs de solutions de test,

• des utilisateurs de solutions de test :

– avionneurs,

– équipementiers,

– systémiers.

Nous avons eu l’occasion de discuter et recueillir les besoins exprimés par des

représentants de tous ces types d’intervenants.

Historiquement, l’avionneur était en charge de toute l’activité d’intégration des

systèmes embarqués avioniques. De nos jours, il y a un transfert de l’activité de

l’avionneur vers les fournisseurs d’équipements et ceux-ci sont invités à participer à

la première phase d’intégration. Les équipementiers deviennent des systémiers, avec

de nouveaux besoins en termes d’échanges de tests avec l’avionneur. Dans la pratique,
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la portabilité des tests d’un environnement à un autre ne peut pas être facilement

atteinte, ce qui freine ces échanges. Au fait de la multitude d’outils d’exécution de

test propriétaires, les fournisseurs de solutions de test ont de leur côté à tenir compte

des différentes habitudes de leurs clients. Des capacités de personnalisation sont donc

exigées pour répondre aux demandes des utilisateurs.

Aucun langage de test standard n’existe ou émerge pour le test en-boucle de systèmes

avioniques embarqués. Ceci contraste avec d’autres domaines qui utilisent des normes

internationales, par exemple: Abbreviated Test Language for All Systems (ATLAS)

[112] et Automatic Test Mark-up Language (ATML) [113] pour le test du matériel

(phases de production et de maintenance du cycle de vie) ou TTCN-3 [82] dans le

domaine du test des protocoles de télécommunication et des systèmes distribués. Ces

solutions standardisées ne sont pas conçues pour répondre aux spécificités de notre

contexte industriel et ne sont pas directement réutilisables en tant que telles.

D’autres besoins portent sur la lisibilité et la facilité d’écriture des tests par les

ingénieurs.

Toutes ces exigences ont motivé notre orientation vers des descriptions de tests

de haut-niveau, indépendantes des plate-formes de test, avec des fonctionnalités de

génération automatique de code. Ce travail se concentre sur l’introduction d’une ap-

proche dirigée par les modèles pour le développement de tests pour le test en boucle

de systèmes avioniques embarqués.

3.4 Conclusion

Dans ce chapitre, nous avons présenté le contexte industriel de la thèse de doctorat :

les spécificités des systèmes avioniques embarqués (cycle de vie, interfaces et comporte-

ment), les plates-formes de test associées, avec l’évolution des besoins exprimés par les

intervenants dans ce domaine : les avionneurs, les fournisseurs d’équipements/systèmes

et les fournisseurs de solutions de test.

Ce contexte industriel est complexe :

• le système sous test (SUT) est vérifié à différents niveaux de maturité (modèle,

logiciel, logiciel intégré sur du matériel),

• le SUT a un large éventail de types d’interfaces à plusieurs niveaux hiérarchiques,

organisées dans un document de type ICD,

• un grand nombre de parties interagissent (avionneurs, fournisseurs d’équipements

et de systèmes, fournisseurs de solutions de test), chacun ayant ses propres habi-

tudes et outils.
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Les langages de test existants ne répondent plus à la complexité du contexte in-

dustriel et aux besoins exprimés par les intervenants. En outre, les concepteurs de

tests n’ont pas accès aux dernières avancées en génie logiciel, comme l’ingénierie dirigée

par les modèles. Cette thèse propose de transférer ces technologies au développement

de tests pour systèmes avioniques. Les modèles de test deviendraient ainsi le cœur

de l’activité de développement de tests, remplaçant les approches actuelles où le code

de test occupe cette position. La fondation de l’ingénierie dirigée par les modèles est

le méta-modèle, qui contraint la définition de modèles de la même manière que les

grammaires des langages de programmation contraignent la définition de code. Afin

d’être en mesure de définir notre propre méta-modèle, spécifique au test en boucle des

systèmes avioniques embarqués, nous avons analysé un échantillon de langages de test

dans le Chapitre 4.
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4

Analyse des langages de test

Nous présentons et analysons ici un échantillon de six langages de test. Nous avons

choisi quatre langages de test propriétaires utilisés dans notre contexte industriel, ainsi

que deux langages de test supplémentaires issus d’autres domaines. Cette analyse nous

a permis d’identifier l’ensemble des concepts spécifiques au domaine, qui ont par la

suite été intégrées dans le méta-modèle de test sous-jacent à notre approche. En outre,

cette analyse nous a également permis d’identifier les meilleures pratiques, ainsi que les

pièges à éviter.

La Section 4.1 présente notre échantillon de six langages de test et décrit notre

méthode d’analyse. La Section 4.2 discute les fonctionnalités génériques présentées par

les langages de test. Les Sections 4.3 à 4.6 discutent les fonctionnalités liées au test.

Nous en avons identifié quatre grandes catégories :

• l’organisation des tests (Section 4.3),

• l’abstraction et l’accès aux interfaces du SUT (Section 4.4),

• les instructions du langage pour piloter les tests et interagir avec le SUT (Section

4.5),

• la gestion du temps (Section 4.6).

La Section 4.7 présente une liste de principes qui ont guidé notre travail ultérieur de

méta-modélisation, basée sur les résultats de l’analyse des langages de test. La Section

4.8 conclut ce chapitre.

4.1 Échantillon de langages de test

L’échantillon de langages de test comprend :
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• quatre langages de test propritaires du domaine avionique, qui seront nommés

PL1, PL2, PL3 et PL4,

• TestML [114] du domaine de l’automobile,

• Testing and Test Control Notation Version 3 (TTCN-3) [82, 83] du domaine des

réseaux et télécommunications.

Les quatre langages de test de propriétaires, de PL1 à PL4, sont des langages utilisés

de façon opérationnelle dans l’industrie aéronautique. Le premier représente l’offre de

Cassidian Test & Services sur la plate-forme de test d’intégration U-TEST Real-Time

System [3]. L’identité des trois autres ne peut pas être divulguée.

TestML est issu d’un projet de recherche dans le domaine de l’automobile. Son

objectif était de concevoir un langage d’échange, dans le sens indiqué par la Figure 4.1.

TestML représente une tentative pour synthétiser des préoccupations découlant de la

pratique des tests en boucle, son examen a donc été jugé pertinent pour nous.

Figure 4.1: Langage d’échange de tests pour limiter le nombre de traducteurs
-

TTCN-3 est utilisé dans le test de systèmes distribués et des protocoles de communi-

cation. Il est inclus dans notre échantillon, car les systèmes embarqués avioniques sont

également des systèmes distribués, et leur communication est basée sur des interfaces

conformes à un large éventail de protocoles de communication.

Notre approche a consisté à identifier les fonctionnalités que les langages de test

dans notre échantillon offrent, conjointement avec les ressemblances et les différences

sur la façon dont elles sont offertes. Dans le cas où une fonctionnalité n’est pas offerte

par un langage de test ou est offerte de différentes manières, nous avons contacté les

ingénieurs de test pour des clarifications.

Dans le tome en anglais de ce mémoire, les caractéristiques que nous avons analysées

sont synthétisées dans des vues schématiques puis discutées. Nous nous bornons ici à

reprendre la liste des idées clefs qui conclut chaque discussion. Nous allons d’abord
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donner les caractéristiques génériques de l’échantillon de langages de test (Section 4.2),

et par la suite continuer avec les fonctions liées au test (Sections 4.3 à 4.6).

4.2 Caractéristiques génériques

Idées clefs

◮ Les langages de test spécifiques offrent un vocabulaire personnalisable, concis et

de haut-niveau, spécifique au domaine.

◮ Les langages de test basés sur des langages génériques de programmation perme-

ttent la réutilisation des fonctionnalités et des outils existants.

◮ Les langages de test interprétés ne nécessitent pas une nouvelle étape de compi-

lation chaque fois que le code est modifié.

◮ La pratique actuelle, parmi les partenaires de Cassidian Test & Services, favorise

un paradigme de programmation impératif.

◮ Une solution de test indépendante de la plateforme de test est souhaitable, avec

une séparation claire entre le noyau du langage de test et les adaptateurs de test

spécifiques à la plate-forme.

4.3 L’organisation des tests

L’organisation intra-test se réfère à la description structurée d’un test. Nous nous

concentrons ici sur les types d’organisation intra-test, parce que l’organisation inter-

test est généralement gérée par des outils externes.

Nous discutons des formes d’organisation intra-test telles que: l’organisation sémantique

des instructions (Sous-section 4.3.1) et l’organisation des flots de contrôle parallèles

(Sous-section 4.3.2).

4.3.1 Organisation sémantique des instructions

Idées clefs

◮ Les sections de test sont utiles pour l’identification d’un test - en-tête de test, et
pour l’organisation du comportement d’un test en parties distinctes.

◮ Des sections de test peuvent être définies suivant une méthodologie basée sur des
annotations ou en les intégrant à l’intérieur du langage de test.
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4.3.2 L’organisation des flots de contrôle parallèles

Idées clefs

◮ Deux types de flots de contrôle ont été identifiés: explicite (les ingénieurs de test

définissent le comportement parallèle et contrôlent son exécution, en employant

des composants de test) et implicite (les ingénieurs de test utilisent des instruc-

tions prédéfinies, comme une stimulation de rampe, qui s’exécutent en parallèle).

◮ Des constructions de haut-niveau, telles que les composants de test, masquent les

détails d’implémentation multi-tâche.

◮ La communication entre composants de test peut utiliser des événements ou des

données partagées.

◮ Les interfaces formelles permettent la réutilisation et l’instanciation multiple de

composants de test.

◮ Différents types de composants de test sont utilisés, tels que: des composants

de test périodiques (pour l’élaboration de modèles d’environnement du SUT et

de stimulations complexes) et des moniteurs de test (comportement condition →

action, pour une visibilité améliorée de la logique de test).

◮ Les concepts comportementaux et structurels peuvent être séparés, avec de la

génération automatique de code pour les derniers.

◮ L’architecture des liens entre les composants de test est statique dans notre con-

texte industriel.

4.4 Lien avec les interfaces du système sous test

4.4.1 Niveaux hiérarchiques ciblés et abstraction des interfaces du
SUT

Idées clefs

◮ Les interfaces du SUT sont toujours abstraites par l’intermédiaire d’identifiants

dérivés de l’ICD.

◮ L’architecture des liens entre les interfaces des composants de test et les interfaces

du SUT est statique dans notre contexte industriel.
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4.4.2 Identifiants et accès aux interfaces du SUT

Idées clefs

◮ Les mécanismes d’accès aux interfaces du SUT sont hétérogènes, d’un niveau

hiérarchique à l’autre, mais ainsi au sein d’un même niveau hiérarchique de l’ICD.

◮ La structure de l’ICD n’est que partiellement reflétée par les langages de test.

◮ Passer l’identifiant d’un élément ICD en paramètre comme une châıne de car-

actères ne permet pas la vérification statique des types.

◮ L’accès global aux éléments de l’ICD est pratique.

4.5 Instructions des langages de test

Les principales catégories des instructions liées au test sont les suivantes : l’interaction

avec le système sous test (Sous-section 4.5.1) et la gestion du verdict (Sous-section

4.5.2).

4.5.1 Interaction avec le système sous test

Idées clefs

◮ Les langages de test pour le test en boucle offrent de nombreuses instructions

d’interaction avec le système sous test, de différents types.

◮ L’organisation des instructions à l’intérieur des langages de test est hétérogène.

◮ Une politique d’organisation cohérente serait souhaitable, avec des points d’extension

prédéfinis.

◮ Passer les actions de test comme paramètres textuels à des instructions génériques

ne permet pas la vérification statique de type (par exemple, il est possible d’appeler

une action de test incompatible avec le type de l’interface du SUT ciblée).

◮ Avoir des interfaces fortement-typées, auxquelles on attache les actions de test

offertes, est un principe intéressant d’organisation.

4.5.2 Gestion du verdict

Idées clefs

◮ La gestion du verdict de test et sa synthèse automatique est quasi-absente des

langages de test propriétaires.
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4.6 Gestion du temps

Idées clefs

◮ Le temps peut être mesuré en unités physiques ou logiques, selon que l’on teste

avec le matériel ou le modèle dans la boucle.

◮ Les instructions de stimulation et observation offertes peuvent être dépendantes

du temps.

◮ La gestion du temps est réalisée à différents niveaux de granularité, allant de

blocs d’instructions à des tests complets.

◮ Des facilités d’activation périodique et d’excution bornée dans le temps sont of-

fertes.

◮ Un contrôle pas-à-pas (cycle-par-cycle) de l’interaction avec le SUT serait utile,

pour des tests plus précis de l’équipement avionique réel.

4.7 Principes guidant la méta-modélisation

L’analyse des langages de test a été utile pour notre travail ultérieur de méta-modélisation.

Le Tableau 4.1 présente la liste des principes qui ont guidé notre formalisation des

différents concepts spécifiques au domaine (par exemple, le cas de test, le composant

de test, le verdict de test) à l’intérieur du méta-modèle de test. Cette liste est tirée des

idées clefs données dans les sous-sections précédentes.

Le Chapitre 5 présente le méta-modèle de test que nous avons défini. Il montre la

manière dont les principes directeurs mentionnés ci-dessus ont été pris en compte par

notre travail de méta-modélisation.
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Table 4.1: Principes guidant la méta-modélisation

21



4. ANALYSE DES LANGAGES DE TEST

4.8 Conclusion

Dans ce chapitre, nous avons analysé six langages de test. Nous nous sommes concentrés

sur quatre langages propriétaires (de PL1 à PL4) qui sont actuellement utilisés dans

l’industrie aéronautique, pour le test en boucle de systèmes avioniques embarqués, à des

niveaux intégration (par exemple, niveau des composants, des systèmes et des multi-

systèmes) et de la maturité (c’est à dire, modèle/logiciel/matériel-en-boucle) variés

du système sous test. À des fins de comparaison, nous avons également examiné un

langage de test issu d’un projet de recherche dans l’industrie de l’automobile (TestML)

- couvrant le même type d’activité de test, ainsi qu’une norme internationale mature

(TTCN-3) utilisée pour le test de systèmes distribués dans le domaine des réseaux et

télécommunications.

Notre analyse a porté sur un certain nombre de fonctionnalités et sur la façon dont

elles sont offertes par chaque langage de test. L’analyse a confirmé l’hétérogénéité des

langages de test : tous les langages de test n’offrent pas les mêmes fonctionnalités et les

fonctionnalités communes sont offertes de différentes manières, et parfois un langage

offre une même fonctionnalité sous différentes formes.

L’analyse des langages de test nous a convaincus que les langages de test existants

standardisés utilisés dans d’autres domaines ne sont pas facilement portables vers le

notre.

Notre analyse nous a aussi convaincus que la multiplicité des solutions propriétaires

doit être abordée à un plus haut-niveau, celui des concepts de test. Cela nous a conduit

à proposer une approche dirigée par les modèles, où des modèles de test sont développés,

maintenus et partagés, et sont ensuite traduits automatiquement en langages de test

exécutables cibles (éventuellement propriétaires).

Afin de poursuivre notre approche, nous avons développé un méta-modèle pour les

tests en boucle, qui intègre les concepts que nous avons identifiés comme étant d’intérêt.

Nous présentons le méta-modèle de test par la suite, dans le Chapitre 5.
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Méta-modèle de test

Ce chapitre présente le méta-modèle de test. Nous avons présenté le méta-modèle de

test dans [118].

Le méta-modèle de test permet la personnalisation et la maintenance de la so-

lution de test, en fournissant une séparation claire entre les éléments du fournisseur

de la solution de test et ceux des utilisateurs, avec des points d’extension prédéfinis.

Le méta-modèle de test conserve également une séparation entre les concepts struc-

turels et comportementaux. Les concepts structurels sont entrés à l’aide d’un éditeur

graphique, un éditeur textuel étant offert pour les concepts comportementaux. Tous les

éléments sont intégrés de façon homogène, avec des restrictions sur le comportement qui

dépendent du type de la structure. Dans l’ensemble, l’approche dirigée par les modèles

devrait contribuer non seulement à une certaine homogénéisation à un niveau abstrait,

mais aussi à l’évitement de fautes dans les tests. Certaines erreurs de programmation

sont évitées par construction ou détectées par des contrôles automatisés effectués sur

les modèles de test.

Dans la Section 5.1 nous présentons brièvement le langage de méta-modélisation que

nous avons utilisé: Eclipse Modeling Framework (EMF) Ecore. Les sections suivantes

présentent les éléments du méta-modèle, un aperçu étant donné dans la Figure 5.1.

Nous présentons d’abord la séparation entre la partie du fournisseur de la solution

de test et celle de l’utilisateur de la solution de test dans la Section 5.2. Ensuite,

nous discutons la partie de l’utilisateur et le contexte de test dans la Section 5.3. Ses

concepts structurels haut/bas-niveau (par exemple, des cas de test, des composants

de test, des sections de test pour un cas de test) sont présentés dans les Sections 5.4

et 5.5 respectivement, tandis que ses concepts comportementaux (par exemple, l’appel

d’actions de test) sont discutés dans la Section 5.6. Enfin, nous discutons l’éditeur

de test mixte (graphique et textuel) dans la Section 5.7. La Section 5.8 présente la

conclusion.
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Figure 5.1: Méta-modèle de test - Vue haut-niveau -

5.1 Eclipse Modeling Framework (EMF) Ecore

Nous avons retenu EMF Ecore [119] comme langage de méta-modélisation. EMF per-

met d’accéder à des outils associés pour produire des éditeurs graphiques spécialisés

(Graphical Modeling Framework (GMF) [121], Graphiti [122]), éditeurs textuels (Xtext

[123]), vérificateurs (Object Constraint Language (OCL) [124]), ainsi que des générateurs

de code (Acceleo [125], Xpand [126]).

5.2 ProviderData et UserData

La racine du méta-modèle de test est la Database. Elle contient deux parties: ProviderData

et UserData. Il s’agit d’un premier choix important de méta-modélisation : l’utilisateur

de la solution de test reçoit un modèle de test pré-instancié de la part du fournisseur

de la solution de test, où seule la partie ProviderData est remplie. Le fournisseur de la

solution de test a la possibilité de créer différentes variantes pour ses clients, ainsi que

mettre à jour celles qui existent déjà. La partie du fournisseur de la solution de test

offre des points d’extension pour des types de SUT, des types d’interfaces, des bôıtes à

outils et des actions de test associées.
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5.3 TestContext

La partie UserData contient des éléments TestContext. Le concept de contexte de

test est inspiré de celui proposé dans le UML Testing Profile (UTP) [94]. Il sert de

conteneur pour une collection de cas de test appliqués à un SUT, avec une architecture

de composants de test.

Le SystemUnderTest décrit les interfaces de l’entité testée selon son ICD. Le Test-

Case contrôle l’exécution parallèle d’éléments TestComponent. Un composant de test

peut être instancié plusieurs fois dans un cas de test, via des éléments TestComponent-

Instance. Les composants de test interagissent avec le SUT. Ils peuvent également in-

teragir les uns avec les autres, par l’intermède d’éléments SharedData et Event déclarés

globalement dans le contexte de test. Pour l’architecture de test, nous avons défini une

politique avec un producteur et potentiellement plusieurs consommateurs. La Test-

Architecture associée à un cas de test détermine l’instance du composant de test qui

produit une certaine donnée globale ou un événement. Elle relie également les inter-

faces formelles (le cas échéant) d’un composant de test avec les interfaces du SUT, les

données partagées ou les événements. Les cas de test peuvent être regroupés au sein

soit d’éléments TestSuite (pour la définition de l’ordre d’exécution) soit TestGroup

(pour grouper des tests qui partagent une propriété commune).

Sur le plan conceptuel, le contexte de test est en fait divisé en trois niveaux

hiérarchiques :

• concepts structurels de haut-niveau (par exemple, TestCase, TestComponent),

• concepts structurels de bas-niveau (par exemple, la TestSection d’un TestCase),

• concepts comportementaux (par exemple, TestCaseStatement, TestComponent-

Statement).

5.4 Concepts structurels de haut-niveau

Les diférents concepts structurels de haut-niveau de notre méta-modèle sont:

• SystemUnderTest,

• TestCase,

• TestComponent et la gestion du verdict,

• TestArchitecture,

• TestGroupe et TestSuite.

Ces concepts sont décrits dans le tome en anglais de ce mémoire, dans les Sous-

sections 5.4.1 à 5.4.6.
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5.5 Concepts structurels de bas-niveau

Tous les concepts structurels de haut-niveau (le cas de test et les types de composants

de test) ont leur comportement organisé en des concepts structurels de bas-niveau.

Un cas de test organise son comportement à l’intérieur de conteneurs TestSection.

Un composant de test organise son comportement à l’intérieur de conteneurs Test-

ComposantElement. Un moniteur de test a un TestMonitorPredicateElement et

un TestMonitorContainerElement. Un composant de test séquentiel a un ensemble

d’éléments SequentialBlock.

Enfin, un composant de test cycle-par-cycle a un certain nombre de concepts struc-

turels de bas-niveau qui permettent à un ingénieur de test de spécifier des comporte-

ments différents pour chaque cycle ou séquence de cycles : Cycle, IteratedCycle et

ConditionRepeatedCycle. En instanciant les éléments décrits ci-dessus à plusieurs

reprises, un ingénieur de test peut facilement spécifier un comportement complexe, tel

que celui présenté dans la Figure 5.2.

Figure 5.2: CycleByCycleTestComponent - Exemple de comportement com-
plexe -

5.6 Concepts comportementaux

Chacun des concepts structurels de bas-niveau possède un Behavior spécifique en fonc-

tion de son type, ce comportement étant lui-même composé d’éléments Statement

spécifiques.

Trois types d’instructions ont été définis: ExecutionFlowStatement, BasicStatement

et SpecificStatement.

Ces types d’instructions sont décrits dans le tome en anglais de ce mémoire, dans

les Sous-sections 5.6.1 à 5.6.3.
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5.7 Environnement de développement de modèles de test

L’Eclipse Modeling Framework (EMF) [119] offre l’accès à un large éventail d’outils,

tels que ceux mentionnés au début de ce chapitre. Il est capable de générer automa-

tiquement un éditeur graphique de modèles à partir d’un méta-modèle. Cet éditeur

graphique a été utilisé pour les concepts structurels haut/bas-niveau du méta-modèle

de test. Pour les concepts comportementaux, un éditeur textuel a été élaboré avec

Xtext [123].

L’éditeur graphique présente une structure en forme d’arbre. Des menus contextuels

sont offerts. L’éditeur graphique ne montre que les concepts structurels des parties

UserData et ProviderData. GMF [121] et Graphiti [122] offrent la possibilité de con-

cevoir des éditeurs graphiques encore plus ergonomiques et riches.

Xtext [123] est un environnement open-source pour développer des langages de

programmation et des langages dédiés (DSL). Un environnement de développement

intégré (IDE) basé sur Eclipse est généré. L’IDE propose, entre autres fonctionnalités :

la coloration syntaxique et la complétion de code. Les concepts comportementaux sont

traités dans l’éditeur textuel.

Dans le Chapitre 7, nous présentons une étude de cas où nous utilisons cet environ-

nement de développement de tests basé-modèles.

5.8 Conclusion

Dans ce chapitre, nous avons présenté le méta-modèle de test que nous avons défini.

L’un des défis consistait à intégrer de façon homogène l’ensemble riche de concepts

spécifiques au domaine. Nous avons atteint cet objectif, mais le méta-modèle de test

résultant est naturellement complexe. Dans la perspective d’une future industrialisa-

tion, cette complexité pourrait être masquée par le développement d’assistants pour

guider l’ingénieur de test et remplir automatiquement certains éléments du modèle de

test.

Un choix a dû être fait concernant les différentes parties où cette complexité devait

être insérée. Par exemple, certaines informations pouvaient apparâıtre dans le méta-

modèle de test, les règles OCL, les classes Java d’analyse des modèles de test ou les

documents informels, ainsi qu’à l’intérieur de la représentation textuelle. Notre choix

a plutôt été de privilégier le méta-modèle, en y insérant le plus possible d’informations

sur les concepts et leurs relations.

Un autre problème que nous avons rencontré concerne les deux niveaux utilisés

dans l’ingénierie dirigée par les modèles : le méta-modèle et le modèle avec une seule

étape d’instanciation entre eux. Nous avons rencontré des cas où trois niveaux sont

nécessaires. Dans de tels cas, nous avons utilisé le motif de conception Type Objet
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[127]. Bien que ce motif offre une flexibilité remarquable, son utilisation a été l’un des

facteurs qui ont conduit à la croissance de la complexité du méta-modèle de test.

Concernant les règles OCL, nous les avons trouvées très pratiques pour exprimer des

contraintes sur les modèles de test. Toutefois, elles ont tendance à crôıtre rapidement

en complexité. En outre, nous avons constaté qu’il est difficile d’exprimer certains com-

portements avec OCL. Dans ces cas, il est possible d’appeler des opérations extérieures

codées en Java à partir d’OCL, qui feraient les vérifications nécessaires.

Le développement des éditeurs graphique et textuel pour notre démonstrateur a

été très rapide, car notre premier prototype ne nécessitait que des fonctionnalités de

base. Le prototype est appelé STELAE (Systems TEst LAnguage Environment). Notre

évaluation du développement d’éditeurs plus ergonomiques et plus riches, avec des

technologies telles que Graphical Modeling Framework (GMF) [121] ou Graphiti [122],

nous amène à penser que pour un produit industriel il faudrait un effort beaucoup plus

grand que pour notre premier prototype.

Enfin, nous tenons à mentionner que certaines activités effectuées manuellement par

les ingénieurs de test sur les modèles de test doivent être automatisées dans le futur,

comme la définition des interfaces du SUT qui peut être automatisée par l’analyse du

document ICD.
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Implémentation des modèles de
test

Dans ce chapitre, nous illustrons la manière dont les modèles de test (conformes au

méta-modèle de test) sont implémentés par des transformations modèle-vers-texte basées-

motifs. Pour cette tâche, l’outil Acceleo [125] a été choisi en raison de son étroite

intégration au sein d’EMF [119]. Le langage de test cible est basé sur le langage de

programmation Python et a été développé par Cassidian Test & Services. Nous nous

référons à ce langage de test comme PL5 dans le reste de ce document. PL5 est exécuté

au-dessus de la plate-forme de test d’intégration U-TEST Real-Time System [3].

Notre mise en œuvre ne couvre qu’un sous-ensemble des concepts du méta-modèle

de test, qui ont été considérés comme suffisants en ce qui concerne les études de cas

(Chapitre 7). Nous avons suivi une méthodologie pour couvrir les concepts qui sont of-

ferts par PL5 complètement, partiellement ou pas du tout, afin d’étudier les spécificités

et les difficultés de la génération automatique de code dans ces différents cas.

La Section 6.1 présente les fonctionnalités de l’outil Acceleo. La Section 6.2 présente

le langage de test exécutable ciblé basé sur Python PL5. La Section 6.3 discute la

manière dont les concepts du méta-modèle de test ont été implémentés par de la

génération automatique de code basée-motifs, en ciblant les fonctionnalités de PL5.

La Section 6.4 conclut ce chapitre.

6.1 Outil modèle-vers-texte Acceleo

Acceleo est une implémentation du standard Meta-Object Facility (MOF) [130] Model

to Text Language (MTL) [131] par le Object Management Group (OMG) [129]. Dans

notre cas, il prend en entrée un modèle de test et des motifs de génération automatique

de code. Il produit en sortie des fichiers dans le langage de test cible. Un motif de
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génération automatique de code définit le lien entre les concepts du méta-modèle de

test et la structure des fichiers et du code du langage de test (Figure 6.1).

Figure 6.1: Architecture de l’outil Acceleo -

L’approche commence par la définition d’un modèle l’écriture du code et des fichiers

correspondants. Ce n’est qu’ensuite que nous définissons les modules/motifs de génération

automatique de code qui produisent le code et les fichiers à partir du modèle. Il s’agit

d’une approche bien connue dans la littérature qui a montré ses avantages [132].

Les éléments EReference avec une valeur “vrai”pour le Containment apparaissent au

niveau des modules Acceleo comme des déclarations d’importation. Les éléments ERef-

erence avec une valeur “faux”pour le Containment apparaissent comme des déclarations

d’importation aussi, mais au niveau des modules Python. La projection de l’architecture

du méta-modèle sur les modules/motifs Acceleo et sur les fichiers de code générés au-

tomatiquement peut faciliter la maintenance de la fonctionnalité de génération automa-

tique de code. Les ingénieurs peuvent facilement trouver un module existant Acceleo.

Lors de l’ajout de nouveaux motifs Acceleo, ils doivent être ajoutés en respectant cette

contrainte.

Pour plus d’informations, le lecteur pourra se reporter au tome en anglais de ce

mémoire.

6.2 PL5: un langage de test basé sur Python

Le tome en anglais de ce mémoire présente et illustre un sous-ensemble des fonction-

nalités offertes par PL5 :

• cas de test,

• accès aux interfaces du SUT et actions de test associées,
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• composant de test,

• gestion du verdict,

• suite de test.

Ces fonctionnalités sont discutées dans les Sous-sections 6.2.1 à 6.2.5 du tome en

anglais de ce mémoire.

Pour les cas où PL5 n’offre pas nativement une fonctionnalité présente dans le méta-

modèle de test, ou ne la propose que partiellement ou d’une manière incompatible avec

le méta-modèle, nous proposons les solutions suivantes :

• implémenter les fonctionnalités ou les parties manquantes à l’aide de fonction-

nalités de bas-niveau (par exemple, un composant de test implémenté avec du

multi-threading Python),

• générer une sur-couche autour des fonctionnalités existantes (par exemple, les

instructions PL5 d’accès aux interfaces du SUT à l’aide de leur identifiant textuel

sont enveloppées dans des structures orientées-objet navigables fortement-typées),

et le code qui utilise la sur-couche,

• définir des transformations modèle-vers-texte seulement pour les modèles de test

qui sont compatibles avec les fonctionnalités offertes (par exemple, PL5 offre des

moniteurs de test dont la seule action possible est de changer le verdict de test),

• abandonner la mise en œuvre de la fonctionnalité (par exemple, l’accès aux in-

terfaces du SUT de bas-niveau, telles que les bus physiques, n’est pas offerte par

PL5).

La deuxième solution est intéressante afin de minimiser les différences entre le méta-

modèle de test et PL5, pour une définition et maintenance des motifs de génération

automatique de code facilitées.

6.3 Architecture des modules/motifs Acceleo

Les concepts du méta-modèle de test ont été mis en œuvre dans le démonstrateur de

la façon suivante :

• le ProviderData : les éléments ConnectionPointType et les éléments TestAction

associés du méta-modèle de test → sur-couche autour des instructions PL5,

• le SystemUnderTest du méta-modèle de test → utilisation de la sur-couche du

ProviderData,

31
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• le TestCase du méta-modèle de test → spécialisations de la classe ATLTestCase

de PL5,

• le TestComponent (à l’exception du TestMonitor) du méta-modèle de test →

génération de code utilisant des fonctionnalités bas-niveau de Python,

• le TestMonitor du méta-modèle de test → implémentation partielle vers les

spécialisation de la classe ATLAsyncTest de PL5,

• la TestArchitecture du méta-modèle de test → génération de code utilisant des

fonctionnalités bas-niveau de Python,

• la TestSuite du méta-modèle de tes → implémentation partielle vers les suites

de test de l’environnement de PL5,

• Verdict Management → PL5 fonctionnalité mise-à-jour par génération de code

utilisant des fonctionnalités bas-niveau de Python.

Pour plus d’informations et des exemples le lecteur pourra se rapporter aux Sous-

sections 6.3.1 à 6.3.5 du tome en anglais de ce mémoire.

6.4 Conclusion

Dans ce chapitre, nous avons présenté la mise en œuvre de certains concepts du méta-

modèle de test (cas de test, composant de test, interfaces du SUT et actions de test

correspondantes, la gestion du verdict de test), grâce à des transformations modèle-

vers-texte basées-motifs. Nous avons ciblé un langage de test nouveau que nous avons

appelé PL5, qui est exécutable sur la plate-forme de test d’intégration U-TEST Real-

Time System [3]. L’outil Acceleo [125] a été utilisé pour la génération automatique

de code. Pour notre application, nous avons pris la structure du méta-modèle de test

comme principe d’organisation des modules/motifs Acceleo, ainsi que des fichiers et

du code Python générés automatiquement. Nous avons constaté que cette approche

était utile et nous a permis de mieux naviguer dans le riche ensemble de fonctionnalités

spécifiques au domaine. Nous avons ciblé des fonctionnalités déjà offertes par PL5 (par

exemple, le cas de test), des fonctionnalités qui manquaient (par exemple, le composant

de test), ainsi que des fonctionnalités qui étaient partiellement offertes (par exemple,

le moniteur de test).

La génération automatique de code à partir de modèles de test est quasi-instantanée.

Une approche bien connue pour une définition simple et rapide de motifs de génération

automatique de code est d’abord de choisir un exemple simple de la source (modèle de

test), puis définir la cible attendue (ce que les fichiers générés et le code seraient)

et seulement ensuite développer des motifs qui mettent en correspondance les deux
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[132]. Notre expérience le confirme : nous n’avons rencontré aucune difficulté lors de

l’élaboration des motifs, en étant guidés par des cas d’utilisation. Actuellement, environ

40% des concepts présents dans le méta-modèle de test ont été implémentés.

La mise en œuvre n’a pas soulevé des questions importantes concernant le méta-

modèle de test, qui n’a pas subi de nombreuses modifications. La mise en œuvre n’a

pas soulevé des questions importantes concernant l’analyse des langages de test non

plus. Comme PL5 n’existait pas quand nous avons finalisé notre analyse de langages

de test, son utilisation pour la mise en œuvre de notre approche a permis de mettre à

l’épreuve la généricité de notre analyse, ainsi que notre méta-modèle de test. Même si

PL5 avait existé à ce moment-là, il n’aurait pas changé les résultats de notre analyse

de langages de test, ni la structure du méta-modèle de test.

L’approche basée sur des transformations modèle-vers-texte avec des motifs struc-

turés a suffi pour notre mise en œuvre. Nous n’avons pas jugé utile de recourir à des

techniques plus complexes pour implémenter les modèles de test [132, 133].

Nous tenons également à mentionner une question qui est importante dans un en-

vironnement industriel: le débogage. Ce sujet peut être discuté à partir de deux points

de vue complémentaires. Le premier concerne la mise au point des motifs de génération

automatique de code par les ingénieurs du fournisseur de la solution de test. Le second

concerne la mise au point de modèles de test par les ingénieurs de test (les ingénieurs

de test ne doivent pas déboguer le code généré automatiquement, en conformité avec

la philosophie de l’ingénierie dirigée par les modèles).

En ce qui concerne les fautes à l’intérieur des motifs de génération de code, nous

n’avons actuellement pas de solution de validation. Ce serait un problème difficile à

résoudre en raison du fait que les langages de test cibles propriétaires n’ont pas de

sémantique formelle. Nous avons essayé de simplifier le problème en proposant :

• une sur-couche autour des instructions des langages de test cibles, sur la base

de la représentation textuelle du méta-modèle de test, afin d’améliorer la clarté

du lien entre le code généré automatiquement et la représentation textuelle (aller

encore plus loin avec la méthode de définition de sur-couches serait possible),

• une approche agile dirigée par des cas d’utilisation, les motifs de génération au-

tomatique de code sont définis et vérifiés sur la base d’un cas d’utilisation con-

tenant le modèle d’entrée et les fichiers et le code de sortie attendus,

• une organisation des motifs de génération des fichiers et du code basée sur l’architecture

du méta-modèle de test, qui facilite leur définition, navigation et maintenance (de

plus, l’environnement Acceleo propose l’auto-complétion des motifs avec la navi-

gation du méta-modèle et l’insertion des données choisies dans les motifs).
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En ce qui concerne les fautes à l’intérieur des modèles de test, ce problème est com-

mun à toutes les approches dirigées par les modèles, car les outils de débogage existants

ont été conçus pour travailler au niveau du code. Pour notre approche spécifique, di-

verses solutions ont été identifiées :

• aborder la question du débogage au niveau du modèle de test, par exemple en

insérant le concept de point d’arrêt dans le méta-modèle de test, en utilisant des

techniques d’ingénierie aller-retour basées sur des annotations, en ajoutant des

règles OCL supplémentaires ou en développant un outil spécifique,

• rapprocher les grammaires de la représentation textuelle de la partie comporte-

mentale du méta-modèle de test et du langage de test cible : en modifiant la

syntaxe concrète et en ajoutant des sur-couches (nous avons suivi cette approche,

mais il y a des limites: la syntaxe concrète que nous étions en mesure de définir

n’était pas exactement celle de Python),

• une solution plus radicale (autorisée par la modularité du méta-modèle de test)

serait de dissocier les aspects structurels et comportementaux du méta-modèle

de test, avec la réutilisation des motifs pour la partie structurelle, tandis que la

partie comportementale serait définie directement dans le langage de test cible.

Cette solution perdrait des facilités d’évitement de fautes, de personnalisation et

de portabilité que le méta-modèle de test offre actuellement, mais permettrait la

réutilisation des outils existants (au moins pour le comportement, si ce n’est pas

pour les concepts structuraux). De telles utilisations partielles de nos travaux

sont discutées dans les perspectives du chapitre 8.

Le chapitre suivant présente deux études de cas inspirés de la réalité.
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Cas d’étude

Dans ce chapitre, nous illustrons les fonctionnalités de STELAE sur deux études de cas

simplifiées inspirées de la vie réelle. Elles ciblent des modèles simplifiés du Flight Warn-

ing System (FWS) (Section 7.1) et du Air Data Inertial Reference System (ADIRS)

(Section 7.2). Nous avons présenté STELAE et l’étude de cas ADIRS dans [135].

7.1 FWS - Synthèse d’alarme incendie moteur

Cette première étude de cas est inspirée d’un exemple réel ciblant un système de gestion

des alarmes en vol. Nous avons choisi cette étude inspirée du FWS car nous avons eu

accès au document ICD réel. Notre FWS simplifié emploie des bus AFDX pour le

transport des paramètres applicatifs d’entrée et de sortie. Nous avons développé une

simulation simple du comportement du FWS en PL1.

Un FWS surveille d’autres systèmes de l’avion, et au cas où des pannes ou des

conditions de vol dangereuses sont détectées, informe l’équipage de ces problèmes par

l’intermédiaire d’alarmes.

Nous considérons ici la synthèse d’une alarme de sortie pour une situation d’incendie

moteur, basée sur quatre alarmes partielles d’entrée. Cette logique est validée en deux

étapes. La première active les quatre détecteurs partiels et vérifie le démarrage de

l’alarme de sortie en moins d’une seconde. Ensuite, deux parmi les quatre alarmes

d’entrée sont désactivées et l’arrêt de l’alarme de sortie après 17 secondes est vérifié.

7.2 ADIRS - Valeur consolidée de la vitesse de l’avion

Cette étude de cas porte sur la fonctionnalité de calcul d’une valeur de vitesse avion con-

solidée. Elle est inspirée d’un exemple réel ciblant un système qui estime des paramètres

inertiels et air de l’avion [65]. Nous n’avons pas eu accès au document ICD réel, ni à

la conception réelle de l’ADIRS.
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Nous avons développé une simulation simple d’une partie du comportement de

l’ADIRS en Python. L’ADIRS traite l’acquisition de plusieurs paramètres applicat-

ifs nécessaires pour le système de contrôle de vol. Pour chacun de ces paramètres

applicatifs, des capteurs redondants existent et une valeur consolidée est calculée à

partir de l’ensemble des valeurs d’entrée disponibles.

Nous considérons ici la vitesse de l’avion. Les valeurs des trois paramètres en entrée

(AC SPEED 1/2/3) sont utilisées pour calculer la valeur consolidée du paramètre de

sortie (AC SPEED).

La logique de l’ADIRS est la suivante :

• comportement nominal : La valeur consolidée est la médiane des trois valeurs

d’entrée, si la médiane ne s’écarte pas des deux autres valeurs. La divergence

est mesurée comme la différence entre la valeur de la médiane et les deux autres

valeurs. La médiane est divergente si ces différences dépassent un certain seuil au

cours de trois cycles d’exécution consécutifs.

• comportement dégradé : Si la médiane des valeurs d’entrée diverge par rapport

aux deux autres pendant plus de trois cycles, la source divergente est définitivement

éliminée. La valeur consolidée est alors la moyenne des deux valeurs restantes.

Pour ce système sous test, nous considérons ici deux cas de test vérifiant son com-

portement :

• cas de test pour le comportement nominal : Vérifier que la valeur consolidée

reste égale à la médiane des trois valeurs d’entrée en présence d’une oscillation

sinusöıdale de faible amplitude qui ne rend pas les valeurs d’entrée divergentes.

• cas de test pour le comportement dégradé : Injecter une divergence sur

l’une des trois valeurs d’entrée et vérifier que la valeur consolidée est égale à

la moyenne des deux valeurs restantes. Vérifier que la source divergente est

définitivement éliminée, même si l’écart est corrigé.

Ces cas de test doivent être exécutés sur toutes les combinaisons de paramètres

applicatifs en entrée. Comme le comportement testé est identique dans tous les cas, la

réutilisation d’un composant de test paramétré serait pratique.

Comme on peut le voir sur la Figure 7.1, nous avons modélisé ces cas de test,

ainsi que d’autres. Dans la partie centrale de la figure nous pouvons observer l’éditeur

graphique arborescent, pour les éléments structurels des tests. À sa droite nous pouvons

observer l’éditeur textuel, pour les éléments comportementaux des tests. La vue “Model

Projects”montre les fichiers générés automatiquement en PL5. La vue “Console”montre

les traces d’exécution du cas de test pour le comportement dégradé. Pour ce cas de test
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vous pouvez observer deux verdict locaux Pass. La vue “Test Management”montre la

synthèse automatique du verdict global des cas de test à partir des verdict locaux.

La Figure 7.2 montre la vue “Runtime”du composant U-TEST MMI, où on peut

observer la modification des valeurs de nos différents paramètres applicatifs pendant

l’exécution de différents cas de test.
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Figure 7.1: U-TEST MMI - Perspective STELAE - ADIRS -
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Figure 7.2: U-TEST MMI - Perspective Runtime - ADIRS -
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7.3 Conclusion

Dans ce chapitre, nous avons illustré les fonctionnalités de notre premier prototype

appelé STELAE sur deux études de cas inspirées de la vie réelle.

Nous avons couvert différentes activités des ingénieurs de test sur ces études de cas:

la définition de modèles de test, la génération automatique de fichiers et de code, ainsi

que l’exécution sur une plate-forme de test d’intégration réelle: U-TEST Real-Time

System [3]. Actuellement nous pouvons démontrer ces fonctionnalités sur des cas de

test de complexité faible à moyenne.

Une fois les interfaces du SUT entrées, la définition des différents modèles de test

de nos études de cas n’a nécessité que quelques minutes.

Une de nos perspectives est d’illustrer les fonctionnalités de STELAE sur des

études de cas plus complexes. Une autre perspective serait de définir une batterie

de spécifications de cas de test de référence, et ensuite de comparer l’expérience des

ingénieurs de test sur STELAE et avec des langages de test existants.
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Conclusion et perspectives

Ces travaux ont étudié la définition d’une approche d’ingénierie dirigée par les modèles

pour le développement des tests en boucle pour les systèmes avioniques embarqués.

Nous étions motivés par le fait que les solutions existantes de développement de tests

utilisées dans notre domaine ne répondent plus aux besoins exprimés par les inter-

venants: avionneurs, équipementiers/systémiers et fournisseurs de solutions de test.

Nous proposons une approche dirigée par les modèles dans laquelle les modèles de test

prennent la position centrale de l’activité de développement des test, en remplaçant

le code de test qui occupe actuellement cette position. Afin de définir notre propre

méta-modèle de test sous-jacent, nous avons eu besoin de poursuivre l’analyse de la

pratique actuelle.

Notre première contribution consiste en l’analyse d’un échantillon de quatre lan-

gages de test propriétaires actuellement utilisés dans notre domaine industriel. À des

fins de comparaison, nous avons également choisi deux langages de test en dehors du

domaine de l’avionique: TestML [114], qui est issu d’un projet de recherche dans le do-

maine de l’automobile, et TTCN-3 [82], qui est un standard international mature utilisé

pour le test de protocoles de télécommunications et de systèmes distribués. Nous nous

sommes concentrés sur quatre grandes catégories de caractéristiques présentées par les

langages de test :

• l’organisation des tests,

• l’abstraction et l’accès aux interfaces du SUT,

• les instructions du langage pour contrôler l’exécution du test et réaliser les inter-

actions de test,

• la gestion du temps.

Notre analyse a suivi une méthodologie claire. Pour chaque fonctionnalité qui a

été identifiée, nous avons examiné la façon dont elle est offerte par les langages de
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test. Cette analyse a été basée sur notre accès à des informations disponibles pour

chaque langage de test, telles que : manuels d’utilisation, présentations, articles et

livres, ainsi que des spécifications et des procédures de test dédiées. Dans le cas où un

langage de test n’offrait pas une fonctionnalité ou l’offrait d’une manière différente par

rapport aux autres langages de test de notre échantillon, nous avons discuté avec les

ingénieurs de test, en leur demandant des éclaircissements. Cette analyse nous a per-

mis d’identifier un ensemble riche de fonctionnalités/concepts spécifiques au domaine,

ainsi que les meilleures pratiques et les pièges à éviter. L’analyse a confirmé les hy-

pothèses de départ qui ont motivé notre travail: le monde des langages de test dans

notre contexte industriel est hétérogène, mais il a été possible d’identifier des concepts

communs. Les conclusions de notre analyse de langages de test ont été résumées dans

une liste de principes directeurs de méta-modélisation qui ont guidé la définition de

notre méta-modèle de test. En plus de représenter le fondement de notre travail de

méta-modélisation, les résultats de cette première contribution sont immédiatement

utiles aux intervenants du domaine, leur permettant d’identifier les manières dont ils

pourraient améliorer les langages de test existants ou en définir de nouveaux à partir

de zéro.

La seconde contribution consiste en la définition d’un méta-modèle de test qui

intègre un ensemble riche de concepts spécifiques au domaine d’une manière homogène,

tout en tenant compte des meilleures pratiques. Le méta-modèle de test sépare les

préoccupations des intervenants: fournisseur de solutions de test et utilisateurs de so-

lutions de test. Par conséquent, il permet au fournisseur de la solution de test de person-

naliser et maintenir plus facilement la solution de test. Le méta-modèle de test sépare

également les aspects structurels des aspects comportementaux. Cette séparation a

conduit au développement d’un éditeur mixte, où les éléments structurels sont saisis

graphiquement et les comportements sont codés sous une forme textuelle. En dépit

de cette séparation, les éléments structurels et comportementaux sont intégrés d’une

manière cohérente dans le méta-modèle de test, avec des contraintes sur le type de

comportement spécifiable pour un élément structurel. Ces contraintes visent l’objectif

d’évitement de fautes. En outre, le méta-modèle de test propose des éléments forte-

ment typés pour les interfaces du SUT et pour les actions de test associées. Nous avons

utilisé la méta-modélisation non seulement comme un instrument afin de formaliser

nos concepts et leurs relations, mais aussi pour avoir accès à un riche ensemble d’outils

existants libres : éditeurs de modèles graphiques et textuels, outils de vérification et de

génération de code automatiques. Cela nous a permis de développer rapidement notre

premier prototype.

Notre troisième contribution a consisté en la mise en œuvre d’un premier prototype

au-dessus d’une plate-forme de test d’intégration réelle disponible dans le commerce:

U-TEST Real-Time System [3] développée par Cassidian Test & Services. Nous avons
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appelé le prototype: System TEst LAnguage Environment (STELAE). Nous avons

utilisé des transformations modèle-vers-texte basées-motifs, en ciblant un langage de

test exécutable basé sur Python. Le langage de test cible n’existait pas à l’époque

de notre première analyse du domaine et par conséquent nous a fourni l’occasion de

mettre à l’épreuve la généricité de notre méta-modèle de test, ainsi que notre analyse

de langages de test. Nous avons proposé une méthode pour organiser les motifs de

génération automatique de code, ainsi que le code et les fichiers générés automatique-

ment, afin de simplifier la tâche de leur développement, en se basant sur l’architecture

du méta-modèle de test. Nous n’avons pas considéré des fonctionnalités plus avancées

de transformation, l’approche basée-motifs étant suffisante pour nos besoins. Pour le

développement de tests par les ingénieurs de test, STELAE intègre un environnement

mixte (graphique et textuel) personnalisable de développement de modèles de test, qui

a été ajouté au composant Man-Machine Interface (MMI)de U-TEST Real-Time Sys-

tem. Enfin, ce prototype nous a permis d’évaluer la technologie employée à l’égard

d’une possible l’industrialisation future. Notre méta-modèle a résisté à l’épreuve de

l’implémentation, ne nécessitant que des adaptations très limitées pendant cette phase

de notre projet.

Notre prototype STELAE a été utilisé pour la modélisation de deux cas d’études

inspirés de la vie réelle. On peut actuellement illustrer la définition de modèles de test,

leur implémentation et exécution, pour des cas de test de complexité simple à moyenne.

Une première perspective de notre travail consiste à élargir l’échantillon de langages

de test analysés avec des langages de test utilisés dans d’autres domaines, afin d’évaluer

la possibilité d’avoir une solution unique homogène entre des différents secteurs indus-

triels (par exemple, entre les industries avionique et de l’automobile).

Une deuxième perspective concerne la sémantique du méta-modèle de test. Actuelle-

ment, la plupart de la sémantique statique se trouve à l’intérieur du méta-modèle

de test, le reste étant réparti à l’intérieur de règles OCL, classes Java, documents

textuels informels, et dans la représentation textuelle. Une sémantique formelle serait

souhaitable, en particulier pour la dynamique d’exécution des modèles de test. Un

problème majeur est que les langages de test exécutables ciblés pour la mise en œu-

vre des modèles de test n’ont pas une sémantique formelle eux-mêmes. Le même

problème se pose pour TTCN-3. En outre, une sémantique unique semble difficile-

ment définissable pour le méta-modèle de test, en raison des différents points de varia-

tion. Par exemple, la sémantique d’un composant de test périodique dans une situation

matériel-en-boucle serait différente de celle d’un même type de composant de test utilisé

dans une situation modèle-en-boucle, où une vue logique des cycles d’exécution suffit.

Une autre perspective serait de finaliser la mise en œuvre de l’environnement de

développement de modèles de test. Il faudrait ajouter les fonctionnalités ergonomiques

nécessaires dans un environnement de production, tout en réduisant les problèmes de
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synchronisation multi-éditeurs que nous avons identifiés. L’automatisation des activités

actuellement manuelles dans notre prototype, telles que l’extraction des interfaces du

SUT par analyse d’un ICD, serait un ajout bienvenu. Par ailleurs, des assistants guidant

les ingénieurs de test et leur permettant l’accès uniquement à des parties restreintes

du méta-modèle de test, en fonction de leurs choix, pourrait simplifier l’expérience

utilisateur et cacher la complexité du méta-modèle de test.

Une quatrième perspective importante porte sur l’étude de meilleures fonction-

nalités de débogage. Ce problème peut être analysé de deux points de vue: qu’il

s’agisse de la mise au point effectuée par le fournisseur de solutions de test sur les mo-

tifs de génération automatique de code ou de la mise au point effectuée par l’ingénieur

de test sur le modèle de test.

En ce qui concerne les fautes affectant les motifs de génération automatique de

code, notre travail a eu comme objectif d’atténuer le problème. Des sur-couches ont

été définies autour des instructions du langage de test cible, afin d’améliorer la clarté

de la liaison entre le code généré automatiquement et la représentation textuelle du

comportement dans le modèle de test. Cette direction peut encore être renforcée. Une

approche agile basée sur des cas d’utilisation (des modèles d’entrée et leurs fichiers et

code de sortie attendus) a guidé notre définition des motifs de génération automatique

de code. Les cas d’utilisation ont aussi servi pour la vérification de la transformation.

Enfin, nous avons proposé une organisation des motifs de génération automatique de

code et des fichiers/du code générés automatiquement basée sur la structure du méta-

modle de test, ce qui facilite leur maintenance par des ingénieurs connaissant le méta-

modèle de test.

En ce qui concerne les fautes au niveau des modèles de test, trois approches peuvent

être envisagées. La première approche consiste à aborder la question de débogage au

niveau du modèle de test, par exemple en insérant le concept de point d’arrêt dans

le méta-modèle de test, en utilisant des techniques d’ingénierie aller-retour basées sur

des annotations ou encore en développant des débogueurs spécifiques. La seconde ap-

proche consiste à rapprocher les grammaires de la représentation textuelle de la partie

comportementale du méta-modèle de test et du langage de test. La syntaxe concrète

définissable pour le comportement du modèle de test sera néanmoins limitée par la

structure du méta-modèle de test: bien que la syntaxe concrète de STELAE ressemble

à celle de Python, elles ne sont pas identiques. La troisième approche est plus drastique,

profitant de la modularité du méta-modèle de test pour remplacer sa partie comporte-

mentale par le langage de test cible. Dans ce cas, les outils de débogage existants

pourront être réutilisés (pour la partie comportementale), mais les caractéristiques de

l’évitement des fautes, de personnalisation et de portabilité de notre approche seraient

perdues. Les motifs de génération automatique de code déjà définis, qui ciblent les con-

cepts structurels, pourraient être réutilisés ainsi. Le langage d’implémentation utilisé
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devra néanmoins être mis à niveau avec des fonctionnalités offertes par le méta-modèle

de test (par exemple, l’exécution en temps borné, les contraintes sur le comportement

en fonction de la structure). Il s’agit d’une question importante à analyser dans le

futur. De la génération automatique de code à-la-volée serait nécessaire pour accéder à

l’intérieur du langage de test à des éléments de structure définis dans le modèle de test.

Nous considérons qu’une évaluation plus approfondie de ces questions est nécessaire.

D’autres utilisations partielles de notre travail consistent en la mise à niveau de

langages de test existants avec les concepts et les meilleures pratiques issues de notre

analyse des langages de test et du méta-modèle de test. En interne Cassidian Test &

Services, des discussions en cours portent sur la mise à niveau de PL5 avec des com-

posants de test et une gestion plus riche du verdict, ainsi que la mise à niveau de la

représentation des éléments ICD dans U-TEST Real-Time System avec des construc-

tions fortement-typées, et une liste d’actions attachées aux types d’interfaces du SUT.

L’éditeur graphique peut également servir comme base pour la génération de squelettes

de procédures de test plus riches que celles actuellement offertes et l’amélioration de

l’expérience utilisateur avec PL1 et PL5.

Enfin, le lien entre notre approche actuelle et les techniques de test basées sur des

modèles (pour la génération de tests à partir de spécifications fonctionnelles du SUT)

peut être envisagé. Des cas de test abstraits issus de la spécification du comportement

du SUT pourraient être traduits vers nos modèles de test, à des fins d’implémentation

et d’exécution.
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Abstract

Le développement de tests pour les systèmes d’avioniques met en jeu une

multiplicité de langages de test propriétaires, sans aucun standard émergent.

Les fournisseurs de solutions de test doivent tenir compte des habitudes des

différents clients, tandis que les échanges de tests entre les avionneurs et

leurs équipementiers / systémiers sont entravés. Nous proposons une ap-

proche dirigée par les modèles pour s’attaquer à ces problèmes: des modèles

de test sont développés et maintenus à la place du code, avec des transforma-

tions modèle-vers-code vers des langages de test cibles. Cette thèse présente

trois contributions dans ce sens. La première consiste en l’analyse de qua-

tre langages de test propriétaires actuellement déployés. Elle nous a permis

d’identifier les concepts spécifiques au domaine, les meilleures pratiques,

ainsi que les pièges à éviter. La deuxième contribution est la définition

d’un méta-modèle en EMF Ecore, qui intègre tous les concepts identifiés

et leurs relations. Le méta-modèle est la base pour construire des éditeurs

de modèles de test et des motifs de génération de code. Notre troisième

contribution est un démonstrateur de la façon dont ces technologies sont

utilisées pour l’élaboration des tests. Il comprend des éditeurs personnalis-

ables graphiques et textuels pour des modèles de test, ainsi que des transfor-

mations basées-motifs vers un langage du test exécutable sur une plateforme

de test réelle.
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