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Abstract 

Red-time systems represent very complex engineering artifacts that are used at all levels 

of activity in today's society: telephony, banking, health care. mfEc control, manufactur- 

bg, avionics, aerospace, management systems, etc. In the last decade, the objectsriented 

pmdigm has emerged as a leading developmeot technology in the real-the systern indus- 

try. Existing object-oriented methodologies allow smoothing the transition between 

requirements and implementation by combining the use of dinerent types of rnodels to 

express different views of the systems. In spite of the fact that the object-oriented technol- 

ogy has aiiowed important progress in the development of complex real-the systems, sig- 

nificant problems remab. Two of these problems are the lack of traceability between 

rnodels, and the lack of mode1 transition techniques. 

This thesis addresses the difficult problem of definiag a systematic and traceable progres- 

sion between requirement level sceaario descriptions and commuuicatllig hierarchical 

state rnachine m o u s  in the context of complex real-time system design. 

This thesis contributes to solving th is  problem in the following manner. First, we defme a 

modeling process called RT-TROOP (Real-Time TRaceable Object-Oriented Process). 

The RT-TROOP modeling process is defmed in tenns of a set of rnodels and a set of mai- 

eling phases. The models include STD (Scenario Texnial Description), UCM (Use Case 

Map), MSC (Message Sequence Chart), and ROOM (Real-Time Object-Orienteci Model- 

hg). The modeling phases decompose the overd set of design issues that must be 

addressed in the design of real-time systems into subsets that are addressed in dinerent 

modehg phases. Second, we defme a set of design patterns to help making the transition 

between scenario models and communicahg hierarchical state machines. Third, we 

defme a set of traceability relations between the RT-TROOP models. 
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CHAPTER 1 Introduction 

1.1 Context and Motivations 

Real-time systems represent very complex engineering artifacts that are used at al1 levels 

of acrivity in today's s o c i e ~ :  telephonq: banking, health care: emc control. manufacnir- 

ing, avionics. aerospace, management syaems. etc. The size and complexity of these sys- 

rems is constantly increasing. Also- their reliabili. is of the first importance for the good 

working order of society. Failures can result in human death and imponanr financial 

losses. 

These sy stems are characterized bu the following aspects: 

Distribution. A real-time system is composed of a set of components that are' in gen- 

eral, geographically distributed over different computing sites. These sites cm be 

located arbitrarily far fiom each other. In order to provide the overall system beha~ior~ 

sy stem cornponenrs need to communicate together. 

Concurrency. In real-the systerns. concurrency exist both at the -stem level, where 

several scenariosl can execute concunentiy, and at the component level. where system 

components can al1 be active simultaneously. 

- - - -  

1. In this thesis, a scenario is a sequence of responsibiIities that must be executed by the systern and the user 
of the system in order to achieve a system functionality. 
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Event-Driven. Real-time systems implement a varie. of functiondities rhat can be 

invoked in an unpredictable way. The execution of these hinctionalities is triggered by 

errremal entities sending events to the system. 

Real-time. Real-rime systems are time constrained. This means diar in response to a 

given incoming event? the system must execute the appropnate functionalip in an 

acceptable ( f ~ t e )  period of time. 

Dynamics. The structure of real-the systems dynamically chan, aes over tirne. which 

means that components can be created, moved, and destroyed while the system is run- 

ning. Moreover. the collaboration patterns between components also change dynami- 

cally as the system executes. 

In real-tirne systems. the overall system behavior emerges fiom the collaboration of al1 

individual cornponents. Because of the different characteristics mentioned above. the 

overail behavior of real-the systems is usually very cornplex. The complexi~ of real- 

time systems cornes from the combination of those factors. A major problem weo humans. 

have in the engineering of such systems is understanding and defining how the required 

system behavior is to be achieved by its components. 

This dificult engineering problem has been studied by many researchers in the l a s  k w  

decades. Those research efforts have led to the d e f ~ t i o n  of different techniques and meth- 

ods in the area of modeling and design ([l O], [l 11, [lj],  [ 1 71, [18], [36], [40], [44], [46], 

[47], [j 11, [74], [83], [87], [93]), simulation ([l O], [23], [68]), verifkation ([l O], [40]. 

[4 11)' and testing ([IO]: [ l  JI]? [77]). 

In ~e last decade, the object-orîented paradigm has emerged as a leading development 

technology in the real-time system industry. This paradigm allows modeling systems in a 

way that very much corresponds to the way humans see the world, Le. in tems of a set of 

collaborating (or communicating) components, or objects. There currendy exists several 

object-oriented methodologies ([Il], [13], [47], [ S I ,  [93]). An important aspect of those 

methodologies is that they allow smoothing the transition between requirements and 
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implementation by combuiuig the use of different types of models to express different 

views of the sysrems. Each of these models focuses on specific -stem aspects such as sce- 

narios: inter-component communication, structure- component behavior. and inhentance. 

This enables designers to concentrate on different issues at different times. Models used in 

curent methodologies include CRC cards ([8]), use cases ([l;], [17]), LCM (Use Case 

Maps) ([18]): interaction diagrams ([1 31, [17]), MSC (Message Sequence Charts) ([43]. 

[93]). different types of structure models ([13], [93])? hierarchical state machines ([lj],  

[36], [83], [93 ] ) ,  activity diagrams ([lj])? and class hierarchy models ([ 131' [KI). 

-4nother important aspect of object-oriented rnethodologies is that they are well adapred to 

iterative development. The objective of iterative development consists in decornposing the 

overall set of requirements into subsets thar can each be addressed in a different develop- 

ment cycle. called an iteration. Each iteration involves performing the five main activities 

of object-oriented development, i.e. requirement capturing, analysis. design, implementa- 

tion and testing. Thus. al1 the different models must be revisited and modified at each iter- 

ation to refiecr the new set of requirements. At the object level. the addition of new 

requirements to the -stem may result in the introduction of new objects in the system. or 

in the modification of the behavior of exist5.q objects. The clear separarion between 

object behavior (or interna1 logic) and system structure in object-oriented systems facili- 

tates those two types of -stem modifications. 

Overall, we can say that object-oriented technology provides a foundation to build corn- 

plex real-the systems. The use of object-oriented technology in large indusnial systems 

has demonsnated that it c m  help reducing the cost associated with maintenance and evo- 

Iution ([32], 1261). 
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1.2 Problem Description 

In spite of the fact that the object-oriented technology has dlowed important progress in 

the development of cornplex real-time sysrems. significant problems remain. In this thesis. 

we focus on two of these problems: the lack of traceability between models. and the la& 

of mode1 transition techniques. The two problems are closely related. 

1.2.1 Lack of traceability 

Because object-oriented merhodologies combine the use of several different models, and 

because those models are constantly modified as new requirements are added. and as bugs 

are fixed, maintainhg consistency between al1 the models is a key issue. it ist in general. 

difficult and expensive to do so. Yet, ir is crucial. The lack of consistency makes models 

obsolete. and thus unusable. In the context of large industrial system development where 

teams of designers are involved, maintaining consistency between models constitues a 

major pro blem. 

One way to facilitate the maintenance of consistency between models consists in defining 

traceability relationships. Traceabiliry is the property that defines how different models 

relate to each others in the context of a development process. It allows rhe linking of ele- 

ments contained in different models. We identi& two main reasons for why diis type of 

traceability is panicularly important: mode1 consistency, and testing. 

The existence of traceability relationships allows evaluating the impact of modifications 

on the different models, and making the changes to a6ected models in a consistent man- 

ner. Thus' if a modification is made, for example, to one scenario. designers cm evaluate 
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where changes should be made in the different rnodels. Reciprocally, if an error is found at 

the code level? we cm trace it back to the different models, and ultirnately ro requirements, 

and see where the error has been uinoduced. Thus, overail consistency benveen models 

can be mitintained. 

The definition of traceability relationships is also very important for the purpose of test- 

ing. To check that a given model, Say Ml,  is correct with respect to another model, sa? 

M2, we must first establish semantics relationships berween elements of the nvo models. 

For exampie, if we want to verie the correctness of a set of cornmunicating state 

machines with respect to a high-Ievel scenario (such as a use case [17]), we must first 

establish a relationship between the high-level responsibilities (in terms of which the sce- 

nario is defined), and the actions and messages defuied in the state machines. This is pre- 

cisely what traceability relationships do. 

The idea of traceability is not new. Its importance is widely recognized. In his book on 

object-oriented software engineering, Jacobson says: 

"Tmceabiliry is a nemendously important propery in sysrem developrnenr. Each 

major system will be altered during its [iftirne. Whetker rhe changes emanate from 

changed requiremenfs or responses to nouble shooting. we will always need to 

know where the changes need be made in the source code." 

In spite of this. curent object-oriented methodologies are weak on traceability. Most 

methodologies allow maintainhg traceability between objects defined in the different 

rnodels2? but very few define traceability between other types of model elemenü, such as 

high-level responsibilities, messages, component interfaces. States, and transitions. It is 

our belief that the existence of fine-grauied traceability relations between model elements 

increases sy stem maintainability and extensibility [27]. 

- 

2. ïhis traceability relationship is based essentialIy on a narning convention that links objects defined in dif- 
ferent models if they have the same name. 
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Literature on Traceability 

Paradoxically, very few technical papers address this very important problem. In [17]. 

Jacobson et ai. define ~aceability relationships at two different levels: 1- traceability 

between use cases and interaction diagrams. more specifically a one-to-man? traceability 

relationship between responsibilities in use cases and messages in interaction diagrams. 

and 2- rraceability between objects contained in different models, cg. objects contained in 

the analysis mode1 and objects contained in the design rnodel. In a similar contes. Ander- 

sson and Bergsaand [j] defme a traceabiliry relationship between use cases and MSCs 

[G], and they suggest using SDL for system modeling. However. they do nor discuss fur- 

ther the relationship between MSC and SDL. 

Comveau [27], and McGregor and Korson [66] define object-onented development pro- 

cesses based on traceability. They highiight the importance of traceability relationships for 

integratrd testing? and discuss important issues thar m u t  be considered in the definition of 

such relationships. However, because they do not define development processes in terms 

of specific models? they do not define concrete traceabiliry relationships between models. 

Others, like Haugen [39] and Koskimies et al. [si], discuss the definition of a concrete 

uaceabili~y relationship between interaction diagrams and flat state machines. They are 

mainly concemed with the definition of links between transitions and States in state 

machines, and messages in interaction diagrams. Similar aaceability relationships are 

defuied between MSC'96 and ROOM by Leue et al. [%]. 

Aiso, a special issue of Communications of the ACM journal [49] has recently been dedi- 

cated to requirements traceability. in that issue, different aspects of requirements traceabil- 

ity are discussed. Requirements traceabili~ is defined hi [79] as the abili'y to descnbe and 

follow the life of a requirernent, in both a forward and backward direction. In his introduc- 

tory paper, Jarke [49] identifies four different kinds of requirements traceability links: for- 

wmd from requirements, backward to requirements, fonvmd to requirernem and 

backwardfrom requirements. Based on what Jarke considers to be mon comprehensive 
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survey of traceability practice to date, Ramesh [79] identifies two categories of traceabil- 

ity user organizations: low-end mers. who see mceability rnostly as a costly defense 

against cnticism and liability Iawsuits, and high-end users, who see traceability as an 

investment in corporate knowledge asset management within and beyond information sys- 

tem engineering. The lack of traceability results in a decrease of overall -stem quality. 

and thus increases project costs and t h e  [79]. 

To the best of our knowledge. there is currently no research project that addresses the 

traceability issue in the global contea of going from high-level scenario models. in which 

concurrency and interactions between scenarios can be expressed. to cornmunicatin; hier- 

archical state machines. This problem is a complex one. It requires considering issues like 

concurrency and interactions between scenarios. refmement of hi&-level responsibilities 

into actions and messages: allocation of responsibilities to components (or abjects), defi- 

nition of system structure, definition of interface components, structuring of hierarchical 

state machine tu facilitate maintenance and extensibiliw etc. 

Our objecrke is to define traceabili. between concepts and notations used in existing 

modeling techniques, instead of in terms of an underlying forma1 language. 

1.2.2 Lack of model transition techniques 

An important issue that arises when combining several models into a single methodolou 

lies in the transitions that are required to go fkom one model to another. Because object- 

oriented deveiopment requires using several different models when going fiom requie- 

ments io implernentation, transitions between models constitute an important part of the 

deveiopment activities. 

One \va? io facilitate the transitions between models consists in defming a set of mode1 

transition techniques. The role of those model transition techniques is to speci- how the 
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informarion contained in one model can be used for the definition of another model, and 

what is the additional information that needs to be input by the designer. Such transition 

techniques cm be particularly useful for hexperienced designers that aie often faced with 

the dificult problem of how to start when several decisions need to be taken. 

In current object-oriented processes, the transitions between models are conducted in an 

informal and adhoc manner. Some general heuristics have been proposed [ I l ] ,  [47], [93] 

to help taking certain decisions, but overail model transitions are weakly defmed. This 

makes moving from one mode1 to another error prone. It dso complicates the uniform 

application of a development process in the context of large system development as differ- 

ent designers relates model elements in different manners. 

Literature on Mode1 Transition Techniques 

There are several papers in die literature that discuss a transition between a pair of models. 

Jacobson et al. [47]. and hdersson and Bergstrand [j] discuss the transition between use 

cases and some types of interaction diagrams. 'They establish a relationship between use 

case responsibilities and messages in the interaction diagarns. However. diey do not 

defme a more global approach that wodd allow making the transition benveen the two 

rnodels in a systematic manner. 

Other papers discuss automatic transitions between some types of interaction dia, orams 

and state machines. The work of Haugen [39] and Koskimies et al. [ j l ]  focuses on the 

definition of a transition between interaction diagrams and flat state machines. [39] 

defines a general approach for making the transition between an MSC rnodel [43] and an 

SDL model [Jj]. [5 11 defmes a synthesis algorithm that allows for the automatic genera- 

tion of state machines fiom a set of scenario diagrams. Leue et al. [%] defmes a similar 

approach for MSC196 and ROOM hierarchical state machines. Synthesis algorithm can be 

useful for the pneration of test components (test actoe in ROOM) in which the smctur- 

ing of the state machine is not important. In this case, oniy the black box behavior matter. 
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However? in our opinion. such algorithms are not suitable for the design of complex real- 

timc system components. We see three main problems with these automatic synthesis 

methods: 1- they require dl design decisions to be taken at the interaction diagram (or 

MSC) level, 2- they do not allow considering nonfunctional requirements. and 3- they 

give no flexibility for structuring berarchical state machines3. Behavior structunng is a 

main issue in cornplex component design since it constitutes an important factor of main- 

tainability and extensibility. 

In the contem of requirement engineering, Somç [95] defmes a method that incrementaily 

consmcts timed automata fiom scenarios with timing constraints. This method is based 

on a semi-forma1 language where scenario are described as nanird language sentences 

shaped by a formai syntax. The generated automata are used to analyze requirements. 

Methods for the automatic synthesis of state machines have also been defined in the con- 

text of artificial intelligence ([50], [70]) and control theory ( [6] ,  [78]). In the context of 

artificial intelligence. [SOI defines an algorithm that generates reactive plans. defined by 

rneans of finite state machines. from goals defined using modal temporal logic formulas 

[63]. This paper also reviews important papers that address the problem of generating 

reactive plans for discrete-event reactive systems. i\ko in the context of artificial intelli- 

gence. [70] defines two algonrhms that generare state machines with minimal number of 

States from a specification described by means of sequences of input/output snings. This 

paper aiso reviews several important papers that address the same problem. In the contes 

of control theory, Ramage and Wonham [78] defme an approach that aims at synthesizing 

the behavior of controllers for discrete-event systems, defined by means of state machines, 

from formal specifications. In [6]? Barbeau et al. define a enthesis method that generates 

timed transition graphs from temporal logic formulas. This method addresses safety? live- 

ness, and real-time constraints. Interested readers can fmd in [6] a description of the basic 

controller synthesis problem as well as a review of important papers on the subject. 

3. Automatic gneration algorithms wiIl be m e r  discuss in section 1.4.3 and in Chapter 4 
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In a subfield of formai methods, several researchers worldwide, like Schot [87] and Pires 

[74] at University of Twente, and Rumpe [84] at Munich University of Te~hnology~ have 

defined development methods based on the concept of correctness preserving transforma- 

tions. The correcmesspreserving t r a ~ r m a î i o n  (CPT) approach consists in movining from 

a high-level system specification to an implementation using exclusively a set of pre- 

defmed transformations that have been proved to be correcniess preserving. Because each 

transformation establishes an explicit relationship berween elements of the input model 

and elements of the transformed model (or more precisely between the model's elements 

input into the transformation and the model's elements that result fiom the application of 

the transformation), the use of the CPT approach ensures a complete rraceability between 

requirements and impiemenration. However, one of the main drawbacks of this approach 

is that designers can only use transformations that have been proved to be correcmess pre- 

senting, i.e. transformations contained in the CPT catalogue. This is considered an impor- 

tant limitation of the approach. 

In the contex of formal venfication, [3], [JI? [7], [16], [41], and [59] define transition 

methods that allow generating forma1 models for the purpose of model verification. The 

objective of these transition methods is to automatically generate forma1 representations 

that can be verified using fomal verification tools. They map elements of the input model 

into related elements in the output model. We believe bat this approach cm be useful in 

complex system developrnent to veri& criUcaI aspects of systems. 

In this thesis, our objective is to defme a set of mode1 transition techniques that ailow for a 

systematic transition between models. not to automate the transition between models. We 

believe that in the design of complex real-tune systems there are too many decisions to be 

taken, and those decisions are too complex to be completely automated. Complex real- 

Ume system design is a creative process. Designers can adapt to new problems, and find 

crearive solutions to those problems. Automatic methods cannot adapt to new problems. 
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1.3 Objectives 

f i s  thesis addresses the difficult problem of d e f ~ g  a systematic and mceable progres- 

sion between requirement ievel scenario descriptions and communicating hierarchical 

state machine models in the context of cornples real-time system design. 

The objectives of the thesis are: 

To ddefine a modeling process and a set of design patterns that allow making the transi- 

tion beween requirements and communicating hierarchical state machines in a system- 

atic and traceable manner 

To integrate UCM in a concrete modeling process 

To establish a set of traceability relations between the diflerent models used in the mod- 

eling prucess 

To develop case studies to highlight important issues. and ro illustrate the difTerent con- 

cepts and methods developed in the thesis 

1.4 Thesis Contributions 

This thesis rnakes five main contn butions to s o h a r e  engineering and real- tirne sy stem 

development: 1- definition of the RT-TROOP modeling process, 2- integration of the 

UCM modeling technique in a concrete modeling process, 3- definition of a set of hierar- 

chical state machine design patterns, 4- d e f ~ t i o n  of aaceability relations between the 
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models of RTTROOE and 5- developrnent of case studies. These contributions are 

described in the five next sections (section 1.4.1 to section 1 -4.5). 

1.4.1 Definition of the RT-TROOP Modeling Process 

Most of the design methodologies used in the real-time system industq roday, e.g. ROOM 

[93], SDL [46], StateChart [36], LiML [12]: aims at producing ~ommunicating state 

machine models fiom cequirements. One of the dificulries faced by designers when usine - 
such methodologies lies in the large gap that exists between requirements and communi- 

cating state machines. For this reason, scenario based approaches ([18], [47]) have 

become very popular in the object-oriented communiry. Those approaches ailow smooth- 

ing the transition benveen requirements and comunicating state machines. 

In this thesis? we define a systematic and traceable modeling process. callcd RT-TROOP 

(Real-Time TRaceable Object Oriented Process) that allows making the transition 

between scenario textual descriptions, defined at the requirement level, and communicar- 

h g  hierarchical state machines in the context of complex red-time system design. This 

process is defmed in tems of a set of models and a set of modeling phases. 

The RT-TROOP modeling process has already been implemenred in an industrial develop- 

ment process at CML T'echnologiesJ. and is being implemented in a second development 

process at CRC (Communication Research Center). These two industrial implementations 

of the RT-TROOP modeling process will be biefly discussed in section 7.2. 

-- 

4. CML Techologies is a 150 employees Company specialized in the deveIopment of telecornmunication 
lstems such as mobile radio consoles, air trafic control communications, Enhanced 9- 1 - I ernersency 
caIling systems, and other speciaiized switchiag systems for customized computer telephony applica- 
tions. 
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Models 

The RT-TROOP modeling process combines the use of four different modeling tech- 

niques: Sm, UCM, MSC, and ROOM. The frst three are used to mode1 scenarios at dif- 

ferent level of details, while ROOM is used to model communicating hierarchical sute 

machines. 

STD (Scenario Textua1 Description) is our own template for descnbing scenarios at the 

requirement level. This template is similar to the one used in [86] to describe use cases. 

UCM [19] is a modeling technique to graphicdly describe scenarios in rems of 

sequences of high level responsibilities in the context of component structure diagrams. 

It also allows for rhe explicit descripoon of concurrency and interactions between sce- 

narios. The use of UCM in industrial projects indicates that it is a powerful technique 

for rnodeling cornplex systems. The UCM modeiing technique is supported by the 

UCM navigator tool [65]. 

The ITU standard MSC [44] is a modeling technique that allows the description of sus- 

rem scenarios in terms of sequences of messages exchanged between system compo- 

nrnts, and between the system and its environment. This modeling technique is widely 

used in the industs; and is Unplemented in many CASE tools. 

ROOM [93]: which is now part of UML-RT (Unified Modeling Language for Real- 

Tirne): is a simple and powerful modeling technique that allows descnbing reai-time 

systems both at a schematic level, using stmcnue diagrams and hierarchical state 

machines. and at a derailed level, using programming languages like C++ and Small- 

talk. This rnethodology is supported by the ObjecTime toolset. which provides model- 

ing, simulation, and code generation. It is used in many high-tech companies 

wor ldwide . 

We beiieve that the different concepts and methods defined in this thesis couid also be 

adapted to other modeling techniques, such as UML [13] and SDL [46]. 
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Modeling Phases 

The objective of the RT-TROOP modeling process is to decompose the overall set of 

design issues that must be addressed in the design of real-the systems into subsets that 

can be addressed in different modeling phases. 

The RT-TROOP modeling phases include both model mansirion phases, which defuie the 

steps that should be carried out when makuig the nansition between models, and in-mode1 

rnodelingphases, which define the rnodelinp activities that may take place in the different 

models. This thesis does not a h  at making contributions to the in-mode1 modeling phases 

per se. Each of these modeling techniques is the subject of numrrous papers that describe 

how the? can br used. 

m a t  the RT-TROOP does though is integrate such techniques in10 a single modeling pro- 

cess. For this purpose, we defme a set of model transition phases. In this thesis. we con- 

sider the transition between: 

STD and K M  

CC11 and MSC 

MSC and R00M structure models 

M C  and R00M behavior models, called ROOMCharts 

Each of rhrse transitions is decomposed into a set of steps that each addresses a different 

set of modeling issues? such as defuition of messages, definition of communication proto- 

cols. definition of hierarchical state machines, etc. While most of these transitions can be 

panly auromnted. the); al1 require adding new design information. Thus, the process as a 

who1e remains a creative one. 

nith respect to the definition of the RT-TRûOP process, the thesis contribution is a first 

cut at a comprehensive process gohg fiom requirements, or more specificd- fiom a set 

of scenario tesnial descriptions, to an executable model fiom which implementation cm 
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be autornatically generated. Some parts of this process are described at a more detailed 

level than others, and constitute the technicd connibutions of this work. 

1.4.2 Integration of the UCM Modeling Technique in a 

Concrete Modeling Process 

The LCM modeling technique has been successfully used in several industrial projects in 

the last decade. In [Ml, the authon discuss the relationships between UCM and other 

modeling techniques such as collaboration graphs, class hierarchy diagrams. interaction 

diagram. and visibility graphs. However, the UCM modeling technique has not );et been 

integrated in a concrete modeling process. In the context of the unification of modeling 

techniques, where CML becomes the standard. such integration is crucial for the h u e  of 

L'CM. 

The RT-TROOP modeling process defined in this thesis provides such integration. It 

defines a concrete method for making the transition beween UCM and MSC'96 [44]. This 

method defmes at a detailed level how elements of UCM models relate to eiements of 

MSC models. The RFTROOP rnodeling process also defines how the scenario interaction 

inf'ormation contained in UCM models can be used to build herarchicai state machine 

models fiom scenario models (see section l A.3). 

Because of the close semantic relationships that exists between ROOM and MSC models. 

and UML models, we believe that the research results of this thesis provide the basis for 

the integration of the UCM modeling technique in L N .  

The integration of the UCM modeling technique in a concrete modeling process that 

allows moving fiom requirements to implemcntation is an important contribution of this 

thesis. 
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1.4.3 Definition of a Set of Hierarchical State Machine 

Design Patterns 

Scenario models and comrnunicating hierarchical state machine models provide nvo 

orthogonal klews of real-time systems. The former describes qstem behavior as 

sequences of responsibilities that need to be executed by components in order to acliieve 

overall sytem objectives. while the later descnbes complete component behavior in terms 

of states and transitions. 

One of the most crucial and compiex phases of real-rime system design lies in the transi- 

tion diat is required to go from system behavior (defined by means of scenario models) ro 

component behavior (descnbed by means of comrnunicating hierarchical state machine 

models). Among the factors that contribute to this cornplexin are5: 

Large number of scenarios 

Concurrency and interactions benveen scenarios 

Scenarios of different types 

Dynmic modification of scenarios 

Unpredictability of extemal events 

Incompleteness of scenario models 

Maintainability and extensibility of cornponent behavior 

When defming the behavior of a component fiom a set of scenarios, all these factors must 

be considered. Moreover. designers m u t  also consider other nonfuncrional requirements. 

such as performance and robustness. Therefore, in order to rneet design objectives, design- 

ers must synthesize all the information contained in the scenario models, consider the non- 

5.  fhese factors are discussed in more details in section 4.1. 
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iunctional requiremeats, and produce a set of hierarchical state machines that altogether 

saris@ the overali requirements of the system. Without a rigorous approach. this transition 

is error prone. 

In the current literature, some papers, like [SI], [58], and [69], define methods. based on 

synthesis algonthms, that perform automatic transition beween message sequence dia- 

gram and state machines. Such method allows completely automating the transition 

between message sequence diagrams and state machines. Their main advantage, beside 

the fact that they perf'orm automatic generation of state machines. is that they allow main- 

tainuig a cornplete traceabiliry between srenario models and state machine models. They 

also ensure the correctness of the state machines with respect to the scenarios descnbed in 

the message sequence diagrams. However, as previously discussed, the' do not consider 

several imponant issues related to nonfunctional requirements. and concurrency and inter- 

actions beween scenarios. 

In this thesis, we defuie a different approach? tssed on patterns, that allows considering 

those issues. The use of standard design patterns ([24], [3], [67], [96]) has rapidly 

increased in the industry in the last few years. This approach consists in definin, a set of 

solutions that can be applied by designers when facing specific design problems. How- 

ever, to our knowledge, there exist no patterns to help designers in the definition of corn- 

municating hierarchical state machines from scenario models. 

This thesis proposes a set of behavior integration patterns that deals with the following 

issues: scenario partitioning, state machine composition (integration). mode-oriented 

behavio- munially exclusive scenarios, and different s p e s  of scenario interactions that 

include scenario composition, scenario aborting, scenario interaction through waiting 

places, and scenario interaction through Umed waiting places. 

This part of the project is conducted in four seps: 

Definition of the pattern in terms of a problem, a contex, and a solution. 
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Documentation of the patterns, using rnodeling techniques such as UCM' MSC, and 

ROOM. 

Illustration of the patterns using concrete examples. 

Evduation of the consequences of the patterns. 

The defmition of design patterns to help designers making the transition betw-een scenario 

models and hierarchical state machines is an important contribution of th is  thesis. There 

are, to our knowledge, no other research projects that address this problem in the context 

of concurrent and interacting scenarios. It is our belief that such design patterns wi11 bene- 

fit both experienced and inexperienced designers. 

1.4.4 Definition of Traceability Relations 

Traceability relations provide the glue that allows cornbining a set of different models in a 

single modeiing process. These traceability relations allow maintaining consistency 

between the different models. The definition of fme-grained traceability relations between 

scenario temal descriptions. UCM? MSC? and communicating hierarchical state 

machines. defined using ROOM. constitues one of the main contributions of this thesis. 

In order to define traceability relations between different models. it is necessary to under- 

stand clearly the different concepts and notations that are used in each of those models. 

The concepts used in existing scenario models include the following: trigering and 

resulting event, pre and post conditions, system States, responsibilities, messages. intemal 

actions* scenario interactions, scenario concurrency, component, allocation of responsibil- 

ities to components, dynamic creation and destruction of components, and dynamic modi- 

fication of scenarios. These concepts, or subset of them, are expressed using different 

notations in dinerent modeling techniques. On the other hand, communicating hiemchi- 

c d  state machine modeiing techniques use the following concepts: component, interface 
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component, communication links, state, composite state! (transition, srate entry, and stare 

exit) actions, messages, etc. Again, these concepts are expressed using different notations 

in different modeling techniques. In the definition of traceabiiity relations between sce- 

nario models and hierarchicai state machines, al1 those aspects rnust be considered. 

This diesis defmes three different traceability relations: inter-model rraceabili~ which 

establishes traceability links benveen elements of different models, inter-version (race- 

ability, which establishes uaceability links between elements of different versions of a sin- 

gle model, and design decision naceabilip, which establishes traceability links between 

the rationale of a design decision and specific requirements thar led to (or that justifp) the 

decision. 

T'hese relations could be implemented in a tool to facilitate the maintenance of consistency 

between models. This would allow evaluating the impact of modifications on the different 

models. 

1.45 Development of Case Studies 

In this thesis, printer system case snidy is developed to illustrate the different phases of the 

RT-TROOP modeling process. The development of this simple system allows us to illus- 

trate the systematic and traceable aspects of RT-TROOP modeling. This case study is con- 

ducted in two iterations to demonstrate the iterative nature of our modeling process. This 

case study dso gives examples of how the behavior intemation patterns can be used, and 

how the fine-grained traceability information maintain throughout the process can be used 

to resolve design problems resulting from undesired scenario interactions. 

in the context of this research project, several other systems have also been developed 

both in an industrial (Nexus project at CML Technologies) and academic (PBX, fax 
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machine, .!CM system, Train Traffic Control System, House Security System [73]) con- 

te'rt. 

The development of these systems dso constitutes an important con~but ion of rhe thesis 

research work. 

1.5 Thesis Outline 

The thesis is stnictured as follows. 

In Chapter 2, we describe the different modeling techniques used in this thesis. It includes 

scenario textual descriptions (STD), UCM, MSC and ROOM. For each of these modeling 

techniques, we first give a brief overview of their main characteristics, and then descnbe 

the set of concepts and notations that are used in this thesis. 

In Chapter 3, we defme the RT-TROOP modeling process. This process combines the use 

of the four models describeci in Chapter 2. It allows moMng fiom a set of scenario remal 

descriptions to a ROOM mode1 in a systematic and traceable manner. This chapter defines 

the role of the different models used in RT-TROOP? and describes the modeling phases 

that compose it. It also discusses the use of the RT-TROOP in different context. 

In Chapter 3, we define a set of patterns that focus specifically on the design of hierarchi- 

cal state machines fiom large sets of scenarios. 

In Chapter 5, we use a simple pinter system to illustrate how the RT-TROOP modeling 

process can be applied in practice. The different modehg phases of RT-TROOP are illus- 

trated and discussed in relation with the different modeling issues associated with them. 
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In Chapter 6, we define a set of traceability reiations between STD' UCM, MSC, and 

ROOM. 

Finally, in Chapter 7, we summarize the thesis contributions. discuss their implementation 

in industrial contexts, discuss their impact on sofnvare engineering and tool development, 

and give a list of topics for friture research. 



CHAPTER 2 Modeling Techniques and Notation 

In this chapter? we describe the notahons and modeling techniques used in this thesis. niis 

includes: the format for requirernents, which is composed of a requirernents table and a set 

of scenario textual descriptions (STD)' the Use Case Maps (UCM) modeling technique. 

the Message Sequence Charts (MSC) modeling technique. and the ROOM modeling tech- 

nique. For each of these, we fis1 give a brief overview of their main characteristics. and 

then descnbe the set of concepts and notations that are used in diis thesis. 

It shouid be noted that only a subset of the concepts and notation of the modeling tech- 

niques is used in this thesis. Our primary objective is to show how a set of different mod- 

eling techniques can be combined in a single traceable developrnent process, not to define 

a complete mapping between modeiing techniques. 

One of the aspects that have been left out of the thesis, for sake of conciseness. is the one 

of structure dynamics. However, the three modeling techniques we use allorv modeling 

structure dynamics. Also, the current implementations of the RT-TROOP modeling pro- 

cess include structure dynamics. The integration of structure dynamics in the RT-TROOP 

modeling process is described in [72]. Readers interested in the süucture dynamic notation 

are referred to [18], [Ml, and [93]. 
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2.1 Requirements 

Requiremnts descnbe the needs or desires for a product, i.e. what the system should do. 

Requirements may be divided into IWO different caregories: functional requirements. that 

describes system seMces or hctions.  and nonfunctional requirements, that describc the 

constraints under which the system must operate and the consnaints that apply to the 

development process. The process of d e f ~ n g  requirernents is called requirement engi- 

neering. It constitutes the first phase of any developrnent process. Requirements engineer- 

ing is. by itself. a complex process. w-hich we do not cover in this thesis. 

The final product of requiremenr engineering is a requirement document. The format and 

composition of diis document Vary fTom one methodology to another. The requirement 

document may contain different 'ypes of descriptions such as: a general system descrip- 

tion. list of functional and nontùnctional requirements, tenual description of scenarios 

(like Jacobson use cases [17]), definition of enemal actors, a list of prescribed synern 

components. etc. These descriptions may be more or less forma1 dependin, a on the meth- 

odology. 

The requirement document used in this thesis is composed of a requiremenrs table and a 

set of scenurio iexmal descriptions ISTDsj. The format we use for these is descnbed in the 

next two sections. 

2.1.1 Requirements Table 

In order to enable requirement naceabili~, requirements must be wrinen in a traceable 

format. A simple way to achieve this consisrs in writing the requirements in a stmctured 
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tabular fonnaf and in attachuig to each requirement a unique identifier that can be refer- 

enced in other documents or models. In order to maintain backward traceability to the dif- 

ferent stakeholders and system description documents from which requirements are 

extracted, individual requirements cm also be linked to sentences or paragraphes in the 

document fiom which they onginate. 

The defuition and maintenance of traceability links between requirernenrs and system 

description documents are part of requirements engineering responsibilities. and therefore 

are not explicitly addressed in this diesis. 

Format of Requirements Table 

in this thesis, we use the table format of Figure 1 as a template for requirement descrip- 

tion. It associates a unique identifier of the form FRi (Funcrional Requirement i) or NF& 

(Non-Functional Requirement i) with each requiremenr. 

Functionai and nonfunetional requirements c m  also be placed in different tables. How- 

ever. because this thesis is concemed with the traceability aspect of the requirement table. 

and not with its strucniring, the stnicturing issues are irrelevant. Therefore, our only 

requirement, with respect to the requirement table, is that it associates a unique identifier 

with eac h traceable requirement . 
FIGURE 1. A simple traceable format for requirements 
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A third traceability column could also be added to the requirements table to allow for 

backward traceability to sentences or paragraphs in rhe system description documents 

(elements of previous documents). 

2.1.2 Scenario Textual Description (STD) 

Scenario textual descriptions aim at describing system scenarios in a stnicniled texnial 

format. This type of scenaio description. which has been popularized by Jacobson under 

the name of use cases [47], has received a wide Ievel of acceptance in the object-onented 

community. STDs are used to organize requirements on a scenario basis. Because of their 

texnial and high level nature, scenario textual descriptions facilitate communication 

beîween clients (or stakeholden) and system designers. 

In this thesis, we postulate that system scenarios are described in the requirement docu- 

ment in the fom of STDs. Defining the system scenarios is a task that is part of require- 

ment engineering, and therefore is outside the scope of this thesis. Readers interested in 

high level scenario (or use cases) description are referred to [47] and [86]. In this thesis. 

STDs constitute the starting point of our modeling process. 

Because we want scenario descriptions to contain specific elements, we defme our own 

format of scenario texnial description. simply called STD. Each STD is defined in ternis 

of the following elements: 
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A unique ide ntzjier 

A bnef textual descriprion of the overall objective of the scenario 

A set of efiernal actors that participate in the scenario 

A set of possible niggering events 

A Precondition that must be satisfied in order ro enable die êxecution of the scenario 

A sequence of responsibiliries (or steps) that defines the scenario 

A Postcondition that must evaluate to true after the execution of the scenario 

A set of possible resulting events 

.A set of alternative scenarios 

A set of nonfuncrional requirements that apply 10 &e scenano 

.I\ comment section that rnay be used by designers as a fiee format text window to spec- 

i@ different issues related to the scenario 

h important aspect of STDs is that they group together a main scenario with a sel of 

alternatives. This allows defining in a single logical entity a set of closely related scenar- 

ios. We cail this a scenario cluster. Because of its highly cohesive nature? a scenario clus- 

ter offers hi& potentid of reuse as a building block in different scenario models. For 

example, when a soEtware architect builds a telephony application that requires a "make 

cdi" scenario, it is n a d  to think that this scenario will corne with a set of alternatives, 

like invalid dialed number and busy c d o  that rnay occur while executing the "make cdl" 

scenario. An analogy can be made with component-based architecture in which compo- 

nents encapsulate behavior that cm deal with both normal operation and error cases. 

In order to allow for traceability, each Sm element is labelled with a unique identifier that 

can be used for reference in other models. Also, each STD element rnay be explicitly 

linked to related requirements in the requirement Iist. Linking STD elements to require- 
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ments ailows maintainhg traceability betsveen scenario descriptions and the overail set of 

sy stem requirements. 

We c d  the STD mode1 the set of overall STDs that specifies the system. This set is incre- 

mentally built thro ugh the iterations. 

STD Format 

LVe use the table format of Figure 2 as a ternplate for textual scenario descnption (STD). 

in this figure. a description of an ATM (Automatic Bank Teller Machine) withdraw trans- 

action is given. The last column of the table is used to maintain requirement traceability 

information (see Section 6.2). 
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FIGURE 2. ATM witbdraw transaction STD 

Description: Describes the steps of a normal withdraw transaction 

External Actors: User, Central Bank System (CBS) 

Precondition: ATM is idle 

Triggering event: A user insert a valid bank card 

User enter a valid bank card. 1. 
7 
e. 

'I 

3. 

4. 

5 * 

6. 

7. 

8. 

9. 

IO. 

11. 

12. 

13. 

ATM swallow the bank card and reads card information. 

ATM initiates the transaction. 

ATM asks the user to enter PIN. User enters PIN. 

CBS validates PIN. 

ATM asks user to choose a musaction option. User chooses the withdraw option. 

ATM asks for amount to withdraw. User enters amount. 
ATM sen& a withdraw transaction request to CBS. 

CBS verifies that the user account balance is sufficient to cover the requcsted 
amount. 

CBS registers the withdraw transaction. 

ATM dispenses cash. User picks up cash. 

ATM prints a transaction receipt. User picks up the receipt. 

ATM r e m s  the bank card. User picks up the card. 

Postcandition: ATM returns to its idle state 1 
Resulting event: ATM r e m s  the bank card 

Alternatives: 1 
- If the user enters three successive invdid PINS, then the transaction is refused and the card 
is not retumed to the user. 
- If the user account balance is insufficient,, then the transaction is refbsed. - If the ATM does not have enough cash, then the transaction is refused. ! 

Nonfunctional requirements: 
- A transaction must lx completed in less than two minutes 
- ATM can only handle one transaction at the tirne. 

t 

I 
Comment.: 
- A transaction can be cancelIed at a .  time before the transaction is sent to the CBS. 1 
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2.2 UCM 

UCM (Use Case Map) [18] is a hi& level scenario rnodeling technique defined for r d -  

t h e  object-oriented system design. It is based on a simple and expressive visual notation 

that allows describing scenarios at an abstract level in terms of sequences of responsibili- 

ties ' over a set of components. 

The p r i m q  objective of the UCM modeling technique is to capture and analyze system 

behavior at an abstract level; LTCM descnbes scenarios at an abstraction level that is above 

both inter-component communication and detailed level component behavior. It allows 

focusing on individual scenario description, scenario interaction. and responsibility allo- 

cation, before introducing inter-component communication. -4s is. UCM models can be 

used as a specification for the modeling of inter-component communication. 

UCM also provides wo very important features: 

It allows superimposing scenarios on system structure 

This enables designers to visuaiize scenarios in the context of a system structure. It also 

provides a mechanism by which responsibilities can be dlocated to system compo- 

nents . 

It allows combining sets of scenarios in a single d i a m  

This enables designers to express scenario clusters and scenario interactions in a graph- 

ical marner. It aiso provides a mechanism that can be used by designers to analyze the 

overail system behavior that emerges from scenario combinations. 

1. In UCM, responsibiiities are descrïbed using informal textual descriptions. 
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The UCM modeling technique also provides notations to describe the structure dynamics 

aspect of real-time systems. However. this aspect of UCM is not explicidy addrcssed in 

this thesis. 

In this section, we descnbe the UCM terminology and notations used in this thesis. Addi- 

tional notations required in the different case studies will be described as they are used. 

We also briefly describe the development and analysis of UCM models. Readers inter- 

ested in more details are referred to [18]. 

2.2.1 Basic UCM Notation 

.A use c u e  p ~ t h  represents a path along which scenarios flow in the system. They express 

the sequences of responsibilities that need to be executed by system components in order 

to achieve the overall objective of the system in response to a given trigering event. 

In this section, we first describe the basic notations used to describe paths. and then we 

describe how system components can be introduced in UCM maps. 

Basic Path Notation 

In Figure 3: the basic elements that compose a use case path are illustrated. 

FTZUXE 3. A simple UCM path 
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Start Point 

The execution of a use case path begins at a start point. A start point is iilustrated in 

UCM by means of a filled circle placed at the origin of a path segment (see Figure 3). .A 

s t a n  point is defmed by means of a set of possible triggenng events and an optional pre- 

condition. A tnggenng event is defined by means of a unique identifier and an opùonal 

list of input parameters that can be associated with the event. If a precondition is speci- 

fied. this precondition m u t  evaluate ro m e  to enable the execution of the path. Other- 

uise. if no precondition is specified, then by default it is set to tme. and therefore the 

stan point uill be triggered each time that the triggenng event occurs. 

Formally, a start point is specified in t e n s  of 

A set of possible triggering evenrs 

A precondirion that need to be satisfied to enable the triggering of the path 

Each triggering event is defined by a unique identifier and an optional list of input 

parameters associated with the event. 

Responsibilities 

As previously mentioned? a use case path descnbes a sequence of responsibilities that 

need to be executed by system components in response to a given triggering event. At 

die UCM modeling Ievel, these responsibilities are hi& level ones. A responsibility is 

usually defined by means of a responsibility identifier and short temal description that 

describes in prose the nature of the responsibility. Thus, at this stage, responsibilities 

rernain informal elements of a system mode1 that need to be more precisely defuied in 

later stages of the development process. 

Responsibilities are visudy illustrated in UCM by means of responsibility identifies 

placed along path segments. 

Fomally, a responsibility is defuied in tems of: 
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A responsibilip identifier, which allows uniquely identiSing a responsibility in a 

UCM model. and 

A responsibilig description, which gives a textual description of the responsibility 

To avoid the creation of cumbersorne UCMs. the responsibility identifiers that are 

placed dong the path segmenrs are usually shon identifien, i-e. tivo or three characters 

(letters and digits). These identifiers are usually inexpressive' e.g. r12. For d i s  reason. 

a good pracrice consists in defuiing a responsibility index in each UCM map. This 

index provides the name of the responsibility associated with the identifier togerher 

~ l t h  a shon rextuai description. 

Path segment 

A path segment 

be executed by 

joining together 

expresses an ordered sequence of path se, =ment 

system components. It is visually illustrated in 

elements that need to 

by means of a c w e  

the sequence of path segment elements. A path segment may be corn- 

posed of zero or more path segment elements. 

A path se+ment element is either: 

respomibilis: or 

waitingplace (see Section 2.2.1), or 

stub (see Section 2.2.4) 

End bar 

The execution of a path terminates at an end bar. An end bar is visualiy illustrated in 

UC-M by means of a thick perpendicular line placed at the end of a path segment. a 
end bar is defhed by means of an optional resultinp event and a postcondition. A 

resulting event is defued by means of a unique identifier and an optional lin of output 

parameters associated with the event. 
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Formally, an end bar is specified in terms of: 

A Postcondirion that must hold after the execution of the path, and 

A set of possible resulting eveilts 

Each resulting event is defined by a unique identifier and an optional list of output 

parameters associated with the event. 

Path 

A complete UXd path may be composed of one or more path segments comected 

together by means of segment connectors (see deffition of segment connectors in Sec- 

tion 2.2.3). The first path segment of a path must start with a start point. and die Iast 

segment of a path must terminate with an end bar. 

2.2.2 Introducing Components in UCM 

A designer can also use the K M  modeling technique to descnbe paths in the contes of 

the systern structure. T'his is done by superimposing paths on a system structure as illus- 

trated in the nght diagram of Figure 1. In UCM, components are visually illustrated using 

labelled rectangles. At this level, the system structure is only defined as a set of compo- 

nents; inter-component communication is not yet defined. We cal1 such a diagram a bound 

use case map, or simply bound map. 
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FIGURE 1. Unbound and bound maps 

Unbound map 

- 
Bound map 

Responsibility allocation 

In bound maps, responsibilities are allocated to components. For exampie in Figure 4' 

responsibilip x is ailocated to cornponent B, responsibility y is allocated to componenr C. 

and responsibility z is allocated to component D. 

2.2.3 Path Segment Connectors 

In addition ro purely sequential paths. as the one illusnated in the previous seclion. the 

UCM notation can also be used to described more cornplex cases that involve concurrent 

path segments or alternative ones. 

To describe such cases, the L'CM modeling technique uses path segment connectors. A 

path segment connecter is either an NND-fork, an .AND-joint, an OR-fork, or an OR-joh. 

These connectors are illustrated in Figure 5. In this figure. each path segment is labelled 

with a differrnt identifier. The execution of the four path diagrams given in this figure 

ooes fiom lefi to right. D 
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FIGURE 5. Path segment connectors 

.4n .4ND-fork is used to illustrate a point dong a path where the execution of a single path 

segment forks into the execution a set of two or more concurrent path segments. Thus. the 

AND-fork connector is syntactically and semantically of the form one-to-N. Synta~tically~ 

it is one-to-'i because it connects together one path segment on its incorning side to N path 

segments on its outgoing side. Semmti~ally~ it is one-to-N, because the termination of the 

execution of the one path segment on its incorning side results in the concurrent execution 

of X path segments on its outgoing side. 

The semantics of the XND-fork givrn in Figure 5 is as follow. Once the execution of path 

segment a is completed, then the concurrent execution of parh segments b and c may stan. 

.An AND-join is used to illustrate a point dong a path where severai concurrent path seg- 

ments synchronize together and result in the execution of a single path segment. The 

AND-join connector is syntactically and semantically N-to-one. Syntacticaily. it is Y-to- 

one because it connects together N path segments on its incornine side to one path seg- 

ment on its outgoing side. Semantically, it is N-to-one because the completion of the exe- 

cution of the N path segments on its incoming side results in the execution of the one path 

segment on its outgoing side. 

The semantics of the AND-join given in Figure 5 is as follow. Once the execution of path 

segment d and e is completed, then the execution of path segment f may start. 
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.An OR-forks is used to show a point dong a path where alternative branches may be fol- 

lowed. Each branch is associated with a distinct path se-ment. Thus, the OR-fork connec- 

tor is syntactically one-to-N, because its connects together one path segment on its 

incoming side to N path segments on its outgoing side. However? unlike the .AND-fork' it 

is sernantically one-to-one' because the execution of the one path sepen1 on its incoming 

side results in the execution of only one segment on its outgoing side. The OR is an exclu- 

sive OR. The path segment that will be executed on the outgoing side depends on the con- 

t e x  The path segments on the outgoing side are usuaily guarded by expressions that are 

defined in terms of systern srates. 

The semantics of the OR-fork given in Figure 5 is as follow. Once the execution of path 

segment g is completed, then the execution of path segment h or i will be niggered. Thus. 

the OR-job d i a m  illustrates two possible paths: one formed by path segments g-h. and 

one formed by path segments g-i. 

An OR-juin is used to illusnate a point dong a path where two or more incoming path seg- 

ments merge into a single one without requiring any syncbronization or interaction 

between the incoming path segments. The OR-join connecter is syntactically N-to-one; it 

connects two or more path segments on its incoiring side to only one path sebgnent on its 

outgoing side. However, it is semantically one-to-one; the execution of any of the path 

segments on its incoming side results in the execution of the path segment on its outgoing 

side. 

The semantics of the OR-join given in Figure 5 is as follow. The execution of either path 

segment j or k \hiIl result in the execution of path segment 1. Thus, the OR-join diagram 

illustrates two possible paths: one formed by path segments j-1, and one fomed by path 

seegnents k-1. 



Chapter 2. Modeling Techniques and Notation 

Generaüzed Path Segment Synchronization Connector 

In diis thesis, we also define a generaiized path synchronization connector which can be 

used to illustrate cases where an arbitrary number, say 3' of incoming path segments need 

to synchronizz together to trigger the execution of an arbitras. number. sa. Mo of outgoing 

path se-ments. This connector is somehow a generalization of the .k\iD-fork and -MW- 

job segment connectors previously described. This connector is illustrared in Figure 6. 

This connector is syntactically and semantically N-to-M. 

The semantics of the diagram of Figure 6 is as follow. Once the execution of the N incom- 

ing path segments ( i l ,  i2!...3 in) is cornpleted. then the execured of the M outgoing paths 

(O,, 02 :..., O,) Stans 

FIGURE 6. Generalized path segment synchronization connector 

Combination of Path Segment Connectors 

This set of connectors can be combined together to describe more complex paths. Some 

examples of the ype of path constructions that c m  be described by combining these con- 

nectors are illustrated in Figure 7. 

FIGURE 7. Corn bination of path segment connectors 
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2.2.4 Other Path Notations 

Two other types of UCM notations are used in this thesis: waiting place and mib. 

Waiting Places 

Waiting places are used to indicate a point along a path where the progression of the path 

is blocked until a predefined unblocking event occurs. We identie two different types of 

waiting places: a regular waiting place, simply called waiting place. and a timed waiting 

place, called rimer. These are illustrated in Figure 8 and descnbed below. 

FIGURE 8. Waiting places 

w 
Waiting place Timer 

Waiting Place 

4 regular waiting place identifies a point along the path at which the progression of a 

path is blocked until a predefmed unblocking (or triggering) event occurs. .4fier the 

unblochg event is received, the progression (execution) of the path may continue. 

Since regdar waiting places have no notion of tirne: their use can lead to path deadlock. 

i.e. the path may wait for the unblocking event forever. Visually, waiting places are 

illustrated using filled circles placed along a path. 

Waiting places are used to illustrate points dong paths where interactions with other 

paths or with the environment of die system occurs. Waiting places cm be associated 

with both synchronous and qnchronous interactions (see Section 2.2.6). A starting 

point constitues a special use of waiting ptace. 
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Timer (or timed waiting place) 

A timer is a special s p e  of tvaiting places that will only wait for a certain penod of 

t h e  before continuing on. Thus, the use of timer prevents the occurrence of deadlock. 

Timers are visually represented by clock-like icon placed dong a parh. 

Timers are usually followed by an or-fork connector that illustrates the wo altemate 

paths bat couid be taken afier the timer; one that illustrates the case where the expected 

unbiocking event occurred before the timeout occuned (normal path), and the other 

that illustrates the case where the timeout event occurred first (timeout path). 

A rimer c m  also be used dong a path withour being foIlowed by an OR-fork to intro- 

duce tirne delay on the execution of the path. 

Stub 

The UCM modeling technique also provides a mechanism for path absaaction. called 

stub. A smb illustrates part of a path that is abstracred in the context of the map in which it 

is used. In a UCM model, the expansion of the stub is either descnbed in separate rnaps. or 

remains to be defuied later when details will be added to the CCM model. Stubbing con- 

stitutes an important mechanism for iterative development. It also reduces the cluttering of 

models by M i n g  details that are less important in the context of a given map. 

An example of path stubbing is given in Figure 9. On the left side of the figure, a detailed 

path is shown. On the right side of the figure, the stubbed version of the same path is 

given. We observe that the path segment enclosed in the circle, in the left diagram, has 

been colIapsed into a stub. A UCM tool could for example allow to see the stub expansion 

by double-clicking on the stub. 

FIGURE 9. Stub 
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2.2.5 Related Path Set 

In this thesis. we cail relaredpath sel a set of paths that c m  be triggered fiom a single 

starting point. Formally, a related path set is composed o f  

-4 starting point, 

A set of path segments, 

-4 set of segment connectors, and 

-4 set of end bars (each end bar is associated with a distinct terminating path segment). 

.An abstract exampie of a relatcd path set is given in Figure 10. This related padi set 

expresses four different possible padis: -A-& A-C-D-E, A-C-D-F, and A-C-G-(H lii 

FIGURE 10. .4 UCM reiated path set 

Because a related path set expresses a set of paths that c m  be triggered fkom a singie trig- 

gering evenq it constitues a cohesive logical entity. A good use of related path sets con- 

sists in grouping a path that describes a main functionality of the -stem with the set of 

possible alternative paths. Alternative paths may inciude paùls such as exception paths 

and error paths. Once defined this type of related path set can be reused in the develop- 

ment of odier systems that intend to provide the same s p e  of fûnctiondity. 

The concept of related path set plays a central role in dus thesis. It is particuiarly i m p o w t  

in the transition between UCM and MSC. 

1. (H ) / )  1) means that patb segments H and 1 are execured in parailel. 
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2.2.6 Path Interaction Notation 

An important aspect of the UCM modeling technique is that allows'describing of path 

interactions. The different UCM notations used to describe path interactions are illusnated 

in Figure 11. 

FIGURE II. Path interaction notation 
Asynchronous Interactions 

trisser afier cornplethg trigger in passiag 
path execution 

Synchronous Interactions 

sync hronization 

Async hronous interactions 

Trigger after cornpleting path execution 

This type of interaction is used to illustrate cases where the completion of the execution 

of a path uiggers another path that is waiting on a waiting place. The waiting can either 

be a stm point or a waiMg place dong a path. Both cases are illusvated in Figure 1 1 .  

To couple nvo paths, say path A and path B. together in a trigger-after-completing-path- 

esecution rnanner. the following nile must be respected: the resulting event of path -4 

mus1 correspond to the triggenng event of path B- and the postcondition of path A m u t  

satisfi the precondition of path B. 
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Trigger in passing 

This type of interactions is used to illustrate cases where a waiting place, positioned 

either at the beginning (start point) or alon2 a path, is triggered by another path in an 

asynchronous rnanner. 

To couple two paths, for example .4 and B in Figure 11. together in a trigger-in-passing 

manne- diere is an implicit send-tnggering-event responsibility defmed along path A at 

the point where it passes beside the waiting place. l'he triggering event sent by path .A 

corresponds to the one defrned in the waiting place at which path B is ~vaiting. 

Sync hronous interactions 

This type of interaction is used to illusnate cases where the synchronization of two. or 

more, paths results in the execution of a single one. As described previously (see Sec- 

tion 2.2.3) this type of interaction can be generalized for N incoming padis resuiting in 

M outgoing ones. 

Rendezvous 

This cype of interactions is used to illustrate cases where two? or more. paths synchro- 

nize together to execute a certain path segment (sequence of responsibilities) before 

renuning to the execution of their own respective path. 

This Vpe of interactions is used to illustrate cases where two, or more, paths synchro- 

nize together and then r e m  to the execution of their own respective path. 
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Abort 

The abort notation is used to iilustrate cases where the execution of a path, for example 

path A in Figure 11, intemipts the execution of another. path B in Figure 11. 

2.2.7 Composite Use Case Maps 

An important aspect of the UC,M modeling technique is that a set of paths can be coupled 

together in more complex diagrams, cailed composire use case maps (or simply composite 

maps). This allows expressing interactions and concurrency between sets of paths that are 

contained in different related path sets. 

In composite maps. the interaction between paths is visually expressed using path interac- 

tion notation (see Section 2.2.6). This capability of grouping sets of paths into complex 

composite UCMs constitues an important aspects of UCM modeling. 

Two abstract examples of composite maps are given in Figure 12. In the firn example (lzft 

side of Figure 12), scenario S I  triggers scenario S2 in passing, and then waits for the 

completion of scenario S2 before contùiuing its execution. In the second example (ri@ 

side of Figure 12). a composite map illutrathg more cornplex inter-scenario relationships 

between scenarios S3: S4, and S5 is given. The second example illusuates the use of a 

synchronous interaction and a timer (timed waiting place). 
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FIGURE 12. Composite use case maps 

2.2.8 UCM Mode1 

A CCM mode2 is composed of a set of UCIM maps (simply labelled UCMi in fi, oues 

throughout the thesis) and a set of UCM related parh sets. 

-4 UCM map is eirher a simple map, which describes a single related path set, or a corn- 

posite map? which describes system relationships among a set of paths. Formaily speak- 

ing a UCM map is composed of: 

.A set of paths 

A set of path interactions @ossibly empty) 

A set of components @ossibly empty) 

A responsibility allocation relation that links responsibilities to components (if there 

are components) 

Related path sets constitute the building blocks of UCM maps. They are the basic ele- 

rnents from which composite maps are buiit. It should be noted that a related path set can 

be involved in several UCM maps to illustrate different path relationships. But, each path 

in a UCM model is uniquely contained in a related path set, i.e. each path belongs to 

exactly one related path set. 
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In Figure 13, we iilustrate the defuiinon of a composite map from two related path sers. In 

this figure three UCMs are defined: UCM1. K M 2 ,  and UCM3. UCMl and UCM2 are 

two simple maps that each contains a related path seto which are respe'ctively labelled SI 

and S2. UCM3 is a composite map that defines a relationship between a path of S1 and a 

path of S2. 

FIGURE 13. Related path sets and composite maps 

The relationship between UCM model, UCM maps (simply labelled UCMi)? and CCM 

related path set is illustrated in Figure 14. 

FIGURE 14. Composition of a K M  model 
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UCM Model Versions 

Many different versions of a UCM model are usually defmed in a development process. 

For example, a difTerent version may be dcfined for each iteration in an iterative process. 

When needed, we refer to a specSc version? say version no of a UCM model using 

UCM-model,. 

2.2.9 UCM Model Analysis 

Once defined, a K M  model can be used for requirement analysis. It allows analyzing the 

set of system scenarios at a global level before stepping into more detailed modeling 

phases. 

In the analysis of the UCM model, designers must fus1 ensure that: 

Al1 the scenarios described in the requirements have been addressed at a suBicient level 

of detail. 

The model is correct with respect to the intention of the user (or client). 

There are no inconsistencies in the model andior requirernent$. 

For the purpose of validation, the K M  model can be used to communicate with the cli- 

ents and arnong development tearns to make sure that the requiremenrs have been well 

understood. 

Also at this stage, techniques such as symbolic execution cm be used to verie the correct- 

ness of the high level design model and to identify issues that will need to be solved in 

later phases of the development process. For this purpose, techniques such as the one pre- 

3. Consistency is dificuit to prove in practice, in the case of real ?stems, wirhout the use of some fonnal 
models. Howeve. a certain Ievel of consistency check can be provided usinp K M  by analyzing the dif- 
ferent maps. A more complete consistency check is discussed in [3] and [4]. 
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sented in [3] can be used. This technique consists in generating a LOTOS model from the 

UCM model, and then to use different LOTOS tools to: 

Execute the model to discover the high-level behavior of the synem. 

Verie that the UCM model is correct with respect to different system properties such as 

mbiguities, unspecified issues, race conditions, and inconsistencies. 

Check if the composition of several scenarios resuit in the emergence of new undesired 

behavior paths. 

Formai venfication at this stage of the development process can allow discovering feature 

interaction probiem that would otherwise only be discovered at the derailed level model- 

ing stage or at the bnplementation testing stage. The discovery of erron in early develop- 

ment stages significantly reduces development tirne and con. 

Research to provide UCM with an executable semanrics is under way ([j]' [3]). However. 

since the focus of this thesis is on the i n t e e o n  of the CCM modeling technique in a $0- 

bal rnodeling process, and not on requirernent analysis. diis specific topic will not be fur- 

ther discuss in this thesis. 

2.3 MSC 

The ITU 2.120 standard MSC (Message Sequence Chart) language C O ~ S ~ ~ M ~ S  a well 

known and widely used description techniques in the real-time qnem development indus- 

try. MSCs, or variations of them that appeared under different names like lnteraciion Dia- 

grams, Erne Sequence Diagrams, Temporal Message Row Diagrnms. have been used in 

the industry for many years in a wide range of applications including telephony, traffic 

control, industrial process control, and aerospace. 
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The role of MSC is to describe sequences of messages that are exchanged between system 

components in order to achieve system functionalities. MSCs c m  be used in early stages 

of red-tirne system design to express system behavior requirernents; They can also be 

used to illustrate the result of system execution (or simulation). 

The main objective of the MSC modeling technique is to describe end-to-end message 

sequences that need to be implemenred by the system. 

Since its standardization in 1993 [43], MSC has evolved from a simple message sequence 

description language that had the power of expressing purely sequential behavior. to a 

more complete description language [14] that has the power of expressing more compiex 

system behavior using constructors like alternatives. parallel composition and loop. In 

other words. in irs first version, MSC had the power to express individual scenarios, while 

in its current version, it has the power of expressing sets of related scenarios in clusters. 

The current version of MSC [41], sornetimes cailed MSC'96, is composed of diRerenr 

types of klSC diagrams: basic MSCs and HMSCS! 

In this section. we first describe the MSC notation used in this thesis, for both basic MSC 

and HMSC. and then discussed the particularities of MSC in the context of diis thesis. 

When the notation used in &e thesesis differs fÎom the one of the standard MSC [14], we 

aive boih notations and justifv our choice. E 

2.3.1 Basic MSC 

.A busic .\!SC describes a sequence of messages exchanged between system components 

or betwen the components and the environment of the system. .4n exarnple of a basic 

4. tn this thesis. the acronym HMSC is used to refer to hi@-level MSC. 
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MSC describing a standard message sequence is given in Figure 15. In diis fi, aure the dif- 

ferent elements of a basic MSC are identified. 

In basic MSC, t h e  increases fiom top to bottom. 

FIGURE 15. Basic MSC notation 

MSC identifier 
\ 

msc MSCI 
+ 

instance name 

instance head a C, 
, I condition 

state 1 
I 1 l 

frame,-4 message identifier 

! 

instance en- 

Frame 

A basic MSC is enclosed within aframe which delimits the boundary of the system in the 

context of the current MSC specification. 

Identifier 

The MSC idenrijer is placed at the top left corner of the frame followin, 0 the resewed 

word msc. 
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Instance 

In a basic MSC, each system component that participates in the execution of the message 

sequence is represented by means of a component insrance, which is graphicaily corn- 

posed of an instance head. an instance a i s  and an insrance end. 

Message 

.\ Message is represented by a directed arrow. called message orroiÿ? that goes fiom the 

sender instance to the receiver instance. The sender side of the message m o r r  is referred 

ro as messuge-uut and the receiver side is referred to as message - in. The message idenri- 

fier is placed on top of the arrow. A message exchanged between a sysrem cornponent and 

the environment of the system is comected to the system component on one side and to 

the system b0unda.q on the other side. In this case, the frame represent the environment of 

the system. 

Action 

In addition to messages. MSC also ailows specifying crcrions. .An acrion corresponds to an 

intemal activity executed by a component. In MSCs, actions are only described by means 

of an action identifier associated ~ l t h  a free format temal description. The textual 

description is informal, but it shodd be given in structured and descriptive manner. 

Condition 

In MSC, a state is represented by means of a condition. .A condition may apply to the corn- 

plete set of cornponent instances, in which case we refer to it as a system stateo or only to a 

(non-empty) subset of them. Ultimately, it may apply to only one ins~ance, in which case 

we refer to it as a component nate. 

The semantics of a condition is as follows. If a message anow is preceded by a condition, 

then the condition must evaluate to mie before the message can be triggered. If no condi- 
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tion is specified before a message arrow, then the condition is implicitly considered to be 

mie. and the message may be triggered at any t h e  by the arriva1 of the triggering signal. 

In MSC modeling, conditions c m  be used to resmct how basic MSC can be composed in 

HMSC (Section 2.3 2). 

Inline Expressions 

Basic MSC also provides notations for inline specification of alternative composition. par- 

allel composition, iteration, optional region and exception. Examples of inline alternative 

composition and parallel composition are given in Figure 16. Both of these inline expres- 

sions are graphically represented by an inline expression box with their respective key- 

words, alt or par, placed in the top iefi corner section of the box. Aiso, inside the inline 

expression box. they both use dashed lines to separate operands. The semantics of die 

expressions is as follows. In the alternative expression only one of the operand \vil1 be 

executed, while in the parallel expression al1 the operands will be executed in parallel. 

The Ntemative MSC of Figure 16 should be interpreted as fol1ows.The system is in state 

statel until component C l  receives message m l  fiom the environment, which will cause 

message m2 being sent by component Cl to componenr C2. Then, the MSC reaches the 

alternative section entered. The semantics of the alternative inline expression is such that 

after receiving message m2 fiom component Cl, component C2 will either receive mes- 

sage M3 or M6 fiom the environment. Then depending on which message is received 

first. component C2 will either send messages M4 and M5, and go to state state2. or will 

execute messages M7 and M8 and go to state state3. 

The interpretation of the Parallel MSC is similar to the prevïous one until it reaches the 

idine expression box. As previously mentioned, in the case of the parallei expression- dl 

operands will be executed in parallel. In the example, it means that the rwo sequences of 

messages contained in the d ine  expression, i.e. sequence M3,  M4 and sequence M 5 ,  M6, 

M7, will be executed in parallel. Once the execution of both sequences is completed, the 

system enters state state3. 
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FIGURE 16. Alternative and parallel inline expressions 

/ msc Alternative 
1 

1 

.& example of the iteration inline expression is illusnated in Fisure 17. The iterative sec- 

tion, which in this case is composed of messages m3. m4. m 5  and m6. is placed in an 

Uiline expression box with the key word loop followed by the number of irerations. which 

in this case is 5. In the general fom of the iteration a i n e  expression. the number of itera- 

tion is specified as a pair of operands <n, m> which implies that the iterative section will 

be executed at least n times and at the mosr m times. The keyword inf can be used to spec- 

iS unbounded iterations, like loop <n, inD. If oniy one operand is specified, as in the cur- 

rent example, then the number of repetition is fixed. If no operand is specified, then it is 

interpreted as loop 4, inb. 

The basic MSC of Figure 17 should be interpreted as follows. The MSC starts in state 

statel and exits this state when component C l  receives message rn 1 fiom the environ- 

ment. Component Cl responds by sending message m2 to component C2? which will 

b ~ g  the system to the iterative section. Then the iterative section, which is cornposed of 

messages m3, m4,m5 and m6, is repeated 5 t h e s  after which the system enters in state 

state3. 
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FIGURE 17. iteration inline expression 

1 msc Iteration 
CI - C2 

state 1 

m2 

Optional regions and exceptions can also be represented using a similar inline box nota- 

tion with the keyvord opt and euc in the top left corner section of the inline expression 

box. The opt operator describes a section of a basic MSC that is only executed under cer- 

tain conditions. The e x  operator is the same as an alternative where the second operand is 

the entire rest of the MSC. 

Coregion 

1 

i 
t 

I 

The total orderin8 of events along an instance axis is not always appropriate. Sometimes! 

in MSCs, it is convenient to speci@ an unordered set of events. This allows to specifi a 

"don't care" with respect to message ordering. In MSC the concept of coregion allows the 

specification of such unordered set of messages. A coregion is graphically represented in a 

basic MSC by placing a dashed line section along an instance's axis. An example of a 

coregion specification is given in Figure 18. 

loop 5) 
l 

The imerpretation of Figure 18 should be as follows. The system is in state statel until 

component C2 receives a message m l  from the environment. Then, component C2 waits 

for the reception of message m2 fkom component C l t  message m3 fiom component C3 

and message m4 fiom environment. These three messages c m  be received in any order. 

4 m3, 
mJ i ;h I 
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Once the three messages are received. then the system goes to state state2. 

FIGURE 18. Coregion 

1 msc Coregion I 

I l 

state 1 
1 

Since MSC was developed for the specification of real-tirne systems, basic iMSC provides 

for the specification of timer and timer operations. .An example of use of timer specifica- 

rion is given in Figure 19. In this fi-me: we identi- the three types of timer operations (or 

messages): set timer. reset tirner and timeout. 

The MSC of Figure 19 should be interpreted as follows. The system stays in state statel 

until component C 1 receives a message m 7 from the environment. Then. component C 1 

sends a message m2 to component C l  set timer T, and wait for the mival of either a mes- 

sage m3 from component C2. or a timeout message from timer T. The alternative inline 

expression is used to speciS. the alternative. If message m3 arrives fin& then the timer is 

reset and the system is placed in nate state2. Otherwise, if the timeout message arrives 

f'ïrst then a message m4 is sent to the environment and the system is placed in state 

state3. 
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FIGURE 19. Using timer in basic M S C  

msc T i e r  + c2, 
1 

state 1 
ml 

q m 2  
set timer + 

reset timer 

timeout I 
l 1 

l 

state3 

MSC Reference 

.An MSC reference is used to refer to other MSCs of the MSC model. It may refer to both 

basic hlSCs and HMSCs. An MSC reference provides a mechanism that allows for 

abstraction and reuse. It allows use of existing MSCs in die definition of new ones- thus 

avoiding duplication. 

The composition of MSCs within other MSCs by means of MSC references is guided by a 

set of composition d e s  defined in [Ml. The description of these rules is beyond the scope 

of this thesis. 

.Si esample of MSC reference is given Figure 20. In this MSC, after the reception of mes- 

sage m l  ty component C2, components C l  - C2, and C3 enter two successive data trans- 

mission phases after which C2 retums message m4. In this MSC, the details of data 

transmission arc abstracted. Also, both data-transmission MSC references refer to the 

sarnr MSC. which only has to be m e n  once. 
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FIGURE 20. MSC reference 

i msc Reference 

state 1 
ml  

I 

I 
l ( data-transmission J 1 

I I 1 

Component Decomposition 

Finally. since the modeling of any cornplex system requires component decomposition. 

the basic MSC notation also provides support for instance decomposition. This means that 

any instance in a basic MSC cm be decomposed and expressed using a separate basic 

MSC. In this thesis, we go a step M e r  by alloulng the graphical composition of basic 

MSCs together with instance decornposition MSCs in single MSC dia, ararns . 

..Zn example of instance decomposition is given in Figure 2 1. In this example, the decorn- 

position of instance C2 is given by the basic MSC Scenariol .C2. This basic MSC is 

composed of two instances: C21 and C22. W3en decomposing an instance. one must 

ensure that al1 the messages that are sent and received by the instance in the former MSC 

can also be handled by internai instances in the decomposed MSC. In the present case, we 

observe that message m l  that is received by C2 in MSC Scenariol is intemally received 

by C22 in the decomposed MSC Scenariol .C2, and message m3 that is sent by C2 in 

Scenariol is int~mîlly sent by C22 in the decomposed MSC. 

The MSC resulting of the composition of MSC Scenariol and Scenariol .C2 is given at 

the bottom of Figure 21. 
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FIGURE 21. Instance decomposition 

lmsc Scenariol 

state 1 
mi K I  1 l 

msc Scenariol .C2 , 

j msc Scenano I msc  cen na rio I .CZ I 

2.3.2 HMSC 

One of the main difference between traditional MSC (as described in the [43]), and other 

similar trace diagrarns, and the new MSC standard described in [14] is the addition of the 

HMSC (High level MSC). 

The prirnary goal of HMSC is to compose sets of basic MSCs into more cornplex message 

sequences. KMSC provides a means to graphically define how a set of MSCs c m  be corn- 
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bined. A HMSC can be seen as road map, or flowchart, in as much as that they express the 

possible sequences of basic MSCs that can be executed as the result of an input message 

jevent). In [44], an HMSC is defmed as a graph in which each node iseidier: a start sym- 

bol, an end symbol, an MSC reference, a condition, a connechon point, or a parallel fiame. 

While traditional MSC are limited to the description of one scenario at the time, MSC896, 

with the basic MSC inline expressions and HMSCs, has the ability to express scenario 

clusters (i.e sets of related scenarios). 

In Figure 22, the main elements that compose a HMSC are identified. 

Identifier and Condition 

MSC idenrifiers and condirioas used in HMSC have the same semanrics as the one used in 

basic -MSC. 

Start symbo2 indicates the starting point of a KMSC. 

MSC Reference 

MSC references are as discussed in Section 2.5.1. They may refer to either a basic MSC or 

to a HMSC. 

HMSC Reference Connectors 

The elements of HMSC can be connected together using either sequential composition 

(Fi-pre 22): alternative composition (Figure 22), and parallel composition (Figure 24). 

stop 

A stop s-ymbol is placed at the end of each possible path in an HMSC. 
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The scenario expressed in Figure 22 can be described as follows. First' the system, which 

stans in the state idle, successively executes mscl and msc2 before gerting at the alterna- 

tive comection point. Then  it either executes msc3 and loops back to msc2, or it exe- 

cutes msc4 and gets back to state idle before temiinating. The alternative taken d e r  the 

execution of msc2 may be either guarded by the terminating condition of msc2 and the 

initial conditions of msc3 and msc4, or. if no such condition exists, it is detennined by 

the first incoming message after the execu~ion of msc2. 

Thus? conditions may be used to guard the composition of MSCs in HMSCs. 

FIGURE 22. High level MSC (HMSC) 

MSC Identifier 

iteratio msc3 - alternative 
(or repetition) composition 

idle 

Paraiiel Composition 

In this thesis, we do not use the standard MSC'96 notation for HMSC parallel composi- 

Uon. Standard HMSC uses a nested box expression for paralle1 composition (Figure 23). 

The problem with this notation is that it becomes cumbersome when used to descnbe 

complex cases. For this reason, we chose to replace it by the ones given in Figure 24. This 

new MSC parallel composition notation has been inspired by the end-fork and end-join 
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notation of UCM. The semantics of the end-fork (left hand-side diagram of Fi_pre 23 and 

Figure 24) is that after executing rnscl, both msc2 and msc3 will be executed in parailel. 

The semantics of the end-join (right hand-side diagram of Figure 23 and Fi,we 24) is that 

die execution of msc6 will only star t  after both msc4 and msc5 have completed their 

execution. 

FIGURE 23. HMSC parallel composition defined in standard MSC'96 

FIGURE 24. HMSC parallel composition used in this thesis 

2.3.3 Additional MSC Concepts and Notations 

in addition to the standard MSC notation previously described in this section, we intro- 

duce three new elements for basic MSC: conrracr idenrifier. data ype box and s~nchro- 

nous message arro~v. 
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Contract Identifier 

In ROOh.1' the sending and the reception of messages requires the specification of both a 

message identifier and a port idzntifier that indicares the port by which the message is 

sent. Thus' in order to maintah a strong tlaceability between MSC message arrows and 

ROOM transitions, we need ro add information to the message arrows that ailows the 

identification of the ports by which the messages are exchanged. However. since the 

sender and the receiver use ports that have, in generai. different identifiers. the use of port 

identifiers would require the addition of two port identifiers per message wow. We find 

this solution too clumsy. 

In the RT-TROOP modeling process! we propose to use ROOM contract idenrifiers to 

i d e n e  ports on message anows. AS defuied in [87], a ROOM connact is composed of a 

pair of ports and the binding that links them. Since contract identifiers constitutes unique 

identifiers, they can be used to specia in an unarnbiguous manner the pair of ports associ- 

ated to a given message 

Thus, in RT-TROOP. both the message and the contract identifiers are anached to MSC 

message arrows. Graphically, the message identifier is placed above the arrow while the 

contract identifier is placed below. 

An example of contract specification is given in Figure 25. In rhis figure. message m l  is 

sent through contract UserToC1, message m2 is sent through contract CIToC2, message 

m3 is sent through contract C2ToC7 and message m4 is sent through contract 

ClTOUser. 

Message Data Box 

Also, in real-time systerns, message exchanges often imply data transfers. Data transfer 

consticutes an essential aspect of real-time system modeling. For this reason. in the RT- 

TROOP modeling process, we d o w  the specification of data types associated with mes- 
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sage exchanged at the MSC level. For this purpose, we uitroduce message data boxes that 

can be placed beside or below the MSC frame in basic MSC'. .b example of a message 

data box is given in Figure 25. In tfis example, data of 'ype T l  is associated with message 

m2, and data of type T2 is associated wih  message m3. 

FIGURE 25. MSC with contract identifier and message data box 

1 msc MSC1 
, 
! /Message Data Box 

m2: Tl 

Synchronous Message Arrow 

In standard M C .  there is ody one type of communication; that is asynchronous commu- 

nication. However. the modeling of real-the systems ofien requires both asynchronous 

and synchronous communication. The choice of a partjcular type of communication, 

which constitues a design issue, is guided by a variety of considerations that are outside 

the scope of this thesis. In the RT-TROOP modeling process, we believe that ir is impor- 

tant to suppon both types of communication. Therefore, we introduce a new symbol to the 

standard basic MSC notation to specify synchronous cornmunicu~ion. This new symbol is 

illusuaied in Figure 26. 

5. Another option would have been to add message data ypes beside the message narne on the message 
arrows. We rejected this option because it tends to clutter MSC diagrans. 
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In this fi,oure, message m2 and message m3 are linked together by a perpendicular line to 

fonn a synchronous communication. The irnplied semantics is that between the sending of 

message m2 and the reception of message m3. the execution of C l  is 'susprnded, Le. C l  

wouid aliow the reception of any other messages. Syntactically, because in synchronous 

communication both messages are sent through the same contract. there is no need to 

specifi the contract on the reply message. 

FIGURE 26. Synchronous communication symbol 

i rnsc MSCI 

synchronous 
communication 

2.3.4 MSC Mode1 

An MSC model is composed of a set of MKs. An MSC is either a HMSC or a basic MSC. 

HMSCs describe possible sequences of MSC execution. while basic MSCs descnbe the 

actud sequences of messages exchanged between components. 

It should be noted that any given MSC can be referenced to in more that one MSC. It 

should also be noted that MSC references can be used in both HMSCs and basic MSCs. 

Thus a basic MSC can refer to other MSCs. This provides a mechanism for abstraction 

and reuse. 
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.Uso, many different versions of an MSC mode1 are usually defmed in a development pro- 

cess. For example. a different version may be defined for each iteration in an iterative pro- 

cess. When needed, we refer to a specific version, say version n! of a MSC mode1 using 

MSC-model,. 

2.3.5 MSC Skeleton 

hother important concept used in this thesis is the one of MSC skeleton. .Q LVSC skele- 

ton is simply an MSC that contains no message arrows and no instance actions. The com- 

position of HMSCs is the sarne in MSC skeletons as it is in regular MSCs. However. the 

composition of basic MSCs is different. In MSC skeletons, basic MSCs are only com- 

posed of instance tirnelines and optional initial and terminal conditions. We cal1 basic 

MSC skeletons the basic MSCs contained in MSC skeletons. An example of an MSC skei- 

eton is given in Figure 27. 

FIGURE 27. An example of MSC skeleton 

msc Scenario 1 V 

In the context of this thesis, and more particularly in the transition between UCM and 

'VISC (Section 3 . 9 ,  MSC skeleton are augmented with UCM responsibility identifier 

placed on the component timeiine (an exarnple is given in Figure 46). 
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2.4 ROOM 

The ROOM methodology was developed bp Selic et al. [93] to be usrd at a detailed level 

in real-time system design. ROOM, which is implemented in the ObjecTime toolset, pro- 

vides an expressive modeling language supported by a powerful development methodol- 

ogy. The popularity of ROOM and ObjecTime has rapidly increased in the sofiware 

indus- worldwide with a consequence that the ROOM notation is now part of the UML- 

RT notation [62]. 

In ROOM, systems are modeled by means of communicating hierarchical state machines. 

The ROOM modeling language is composed of two distinct parts: a suucture part. simply 

called ROOM Structuret and a behavior part. called ROOMCharts (inspired bp statecharts 

[361). 

In this section. after discussing the main motivations for using R00M in our methodol- 

ogy. we briefly describe the basic ROOM Structure and ROOMCharts concepts and nota- 

rions that are used in this thesis. Other more complex concepts and notations will only be 

described as required when used in examples, or case midies. A complete description of 

the ROOM modeling language and methodology cm be found in [87]. The bief descrip- 

tions given in this section does not express al1 the richness and the power of the ROOM 

modeling language. 

2.4.1 Motivation for Using ROOM 

The main motivation for choosing ROOM in this project. instead of the ITU standard for- 

mal description technique SDL, is that we believe that it provides a more powerfid detail- 
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level modeling technique than SDL. SDL is. in our opinion, not well adapted to the mod- 

eling of complex rd-tinte systems. For example, SDL does not expcpliciùy support struc- 

ture dynamics. Also, SDL uses a flat state machine mode1 that becomes rapidly dificult to 

use as the size and the cornplexity of the sysrern increases6. The main strength of ROOM 

cornes fiom the fact rhat it implements powerful object-oriented and real-time system 

modeling capabilities, while remaining simpiz and intuitive to use. 

Also, unlike UML, ROOM and SDL-based rnethodologies [39] ,  [36] provide an execut- 

able semantics. This means that the models produced using R 0 0 M  can be executed at the 

modeling stage. Thus, we do not have to wait until implementation is completed to con- 

duct system testing, which entails that errors can be discovered earlier in the developrnent 

process. In out opinion. executabiliry is an essential property of a modeling technique. 

Also, ROOM is supported by a powerfùi tool named ObjecTime. .h evaluation of die 

ObjecTime tool is given in [9] and [XI. 

2.4.2 ROOM Structure Notation 

A ROOM smcture is mainly composed of a set of actors, a set of ports, and a set of con- 

tracts. In this section, we briefly describe the basic concepts and notations of ROOM 

Structure modeling. To illustrate the concepts and notations. the diagrams of Figure 28 

will be used. 

6. A cornparison of ROOM and SDL is provided in [87]. 
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FIGURE 28. ROOM structure 
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Actors 

Actors constitute the prima? structural elements of ROOM modeling. In ROOM rnodel- 

hg, dl significant system components are modeled by means of actors. They constitutes 

independent, concurrentiy active logical machines. Actors provide a formally defmed 

interface. which is specified in terms of a set of interface components. called ports. This 

strategy ensures a complete encapsulation of the implementation of the actors. Visually. 

actors are represented by labelled rectangles. 

There exist two different descriptions of an actor: the inrerface description and the imple- 

mentarion description. The interface description gives the external view of the actor. It is 

defined as a set of ports. For example in Figure 28' actor A is extemally defmed by the set 

of interface components {a. b } . 

The implemenrntion description gives the internai view of the actor. It is composed of an 

implicit behavior, which is separately descnbed by means of a ROOMCharts mode1 (see 

Section 2.4.3), and a structure. The structure is mainly defined in terms of a set of behav- 

ior interface components, called end-ports (see below), a set of internai actors. and a set of 

contracts (see below). In Figure 28, the intemal structure of actor A is defmed a set of two 

end ports, {a, c), a set two interna1 actoa, {B, C), and a set of three contracts, (b l  , b2. 

b3}. 
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Technicaily, each actor is an instance of an actor class, whose sole purpose is to localize 

the defrnition of these instances. 

Ports 

ROOM interface components are called ports. Ports coatitute the means by which an 

actor implemenration, contained wirhin an encapsulation shell, can communicate with ils 

environment. The implementation of an actor only interacts directly with ports: it is 

decoupled fiom the environment so that the same actor can be used in a variety of contexts 

(or sy stems). 

Technically, a pon is defined as an instance of a protocol class. A ROOMprorocol class is 

defined as a set of incoming message types and a set of ourgoing message types. .h 

optional specification of valid message exchange sequences (in the form of MSCs). and an 

oprional specification of the eqected qualiw of sewice (e.g. service time) can also be 

specified. However, in the context of this thesis, we limit the defuiition of protocol classes 

to incomuig and outgoing messages. 

We say that a port p l  is a conjugated version of a protocol class C 1 if ùie messages 

defined in port p 1 are the "inverse" of the ones defmed in C 1, i.e. the incoming messages 

of p l correspond to the outgoing messages of C 1, and the outgoing messages of p 1 corre- 

sponds to the incomuig messages of Cl. Conjugated pons are graphically represented by 

white filled squares, while unconjugated ports are black filled. 

We distinguîsh two different types of port: endports and relayports. Endport is the mech- 

anism by which structure and behavior are Iinked together in ROOM models. End pons 

are implicitly connected to the behavior part (ROOMChart model) of an actor. Relayports 

is the mechanism by which intemal actors can comunicate with the environment of their 

containing actor. 
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Since acton are completely encapsulated structurai entities, it is not possible to distin- 

guish, from an extemal (user) point of Iiew? the types of ports that are defined at the inter- 

face of an actor. Extemally, ali ports look sunilar; they are graphically represented as 

black or white squares. Thus, the users of an actor cm oniy know its set of pons and the 

communication protocols associated with them. They do nor have to know if a port is an 

end port or a relay port. 

However, from an interna1 point of view. pons have a differenr graphical representation. 

End ports are illustrated using a square with an internai circle, while relay ports are illus- 

trated wîth a square inside a larger square. Black and white are used to indicate if a port is 

conjugated or not. 

Bindings and Contracts 

Two other important stnicturai concepts in ROOM are the ones of binding and contract. A 

binding is the syrnbol that is used to connect two compatible ports. It is gaphically repre- 

sented b!. an undirected Line that connects the two ports. We Say that IWO ports are cornpar- 

ible if and only if the set of outgoing message types of one port is included in the set of 

incoming message types of the other port. This means that ail the messages sent at one 

pon c m  be received at the other poa. 

.A corn-acr is defined as 3-niple composed of a binding and the pair of actor ports thar are 

linked b'. the binding. Formally, a contract is defuied in terms of: 

Two end -pris : end-point*, and end-poinr? 

where end-puinri (i = 1,2) is the unique identifier that identifies end-poi.nti. This identifier 

is cornposed of the narne of the port and the name of the actor to which it belongs. For 

convenience. in this thesis, we use the binding identifiers as contract identifiers. For exam- 

ple in Figure 28, we identifj- three contracts named b l  , which is formally defined as <b 1, 
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c/A, dB>, b2: which is fomally defined as <b2, elB, WC>' and b3, which is forrnally 

defhed as <b3, b/A, glC>. 

Layer Connections 

In contras1 to bindings, Zqer connections are directed relationships and mode1 situations 

in which there is an asymmetric dependency between two actors. This asymmetry is typi- 

cal. in the form of a client-server relationship: the client cannot function unless a server 

is present. whereas the server can exist and function independently of a p  particular client. 

As illlustrated in [29]- the graphical representation of a layer connection is a directed arc 

between two actors. 

FICliRE 29. ROOM layering 

1 SAP 
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Local FileSystem Local FileSystem 

A layer connection connects one or more service access poinrs (SAP) on the client to a 

service provision point (SPP) on the server. SAPs and SPPs are aiso Uisrances of protocol 

classes like ports. Hence, dl the d e s  of port co~ections apply. However. since the num- 

ber of such connections tends to be very large, to reduce v i d  clutter, each layer connec- 

tion typically represents multiple individual point-to-point connections. For the same 

reason, S.4Ps and SPPs are not rendered explicitly. They are defmed at the actor behavior 

level (i.e. in ROOMChart models). 

The layer connections and bindings that interconnect actors defmes the complete set of 

possible communication relationships between actors. 
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Replication 

In reai-time system modeling, we often need to model a set of instancys of the same type 

that need to be handled in some uniform fashion. For exarnple, a PBX telephone system 

can be modeled as a set of users al1 connec~ed ta the sarne PBX switch. In ROOM, both 

actor instances and ports cm be replicated. ROOM's graphical notation for replication is 

illustrated in Figure 30. 

FIGURE 30. Structural replication 
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Structure Dynamics 

The R00M language ais0 provides for the description of important structure dynamics 

concepts such as dynamic creation and destruction of actors (optional actors)' multiple 

containment and actor importation (imported actors). Howeve- since the structure dynam- 

ics aspect of real-time system modeling is not covered in this thesis, the description of 

these concepts has been lefi out. Readers interested in ROOM structure dynamics are 

referred to [93]. 

2.4.3 ROOMChart Notation 

In ROOM, actor behavior is defïned by means of ROOMCharts which are composed of a 

Schematic Level and a Detail Level. At the schematic level, ROOMCharts use a hierarchi- 

cal state machine model similar to StateCharts [36]. At the Detail Level, ROOMCharts use 
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languages like C- or RPL (a specific ROOMCharts prototyphg language based on 

Smalltaik) to describe the functions that are encapsulated in transitions in a state transition 

diagrams. In this section, we describe the ROOM notation and concepts that are used in 

this thesis for behavior modeling. 

State Machine 

A ROOMChart state machine description consists of the following amibutes: 

Behavior inrerface' defmed by the following triple: 

behavior-interface = <end-ports, saps. spps> 

Fzmctions~ a set of functions or procedures that can be invoked in transition code 

Variables, a set of extended variabIes that can be used within the state machine at a 

detail level 

States, the set of States that compose the state machine 

Transitions, the set of transitions 

ROOMCharts uses a run-to-completion model of event processing. This means that event 

are processed one ar the tirne. Thus, within an actor behavior, once the handling of a mes- 

sage is srartzd, no other messages can be processed until the handling of that message is 

cornpletedi. 

In Figure 3 l and Figure 32: the difXerent elcments of the ROOMChans notation are identi- 

fied. In Figure 3 1, a flat state machine is given to illustrate the basic ROOMCharts nota- 

tions, while in Figure 32 a hierarchicai state machine (obtained by decomposing state S I  

of Figure 3 1) is given to illustrate the more complex ROOMChans notations. These ele- 

ments are described in the rest of ttiis section. 

7. The nui-to-completion model of processing used in ROOM impIies queueing of messages at the inter- 
hces. 
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FIGURE 31. Basic ROOMCbarts notation 
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In ROOMCharts, States are graphically represented by labelled rounded corner rectangles. 

Wheen an actor is in a state, it is ready to process extemal events. ROOMCharts does not 

provide any explicit "receive" primitive. It is automatically assurned whenever the behav- 

ior is in a state. 
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One of die particularities of ROOMCharts is that it uses a hierarchical state machine 

model, which allows states to be decomposed into lower level state machines. Tnis consti- 

tutes a powerful mechanism rhat reduces the cornplexity of large state machines. In this 

context, a state may be composed of the following optional attributes: 

Pbriables, the set of extended variables that can be used within the state at the detail 

leve1 

Subszares? the set of states that compose the interna1 srate machine 

Transitions? the set of transitions between substates 

E n w  action, an optional code segment that is automatically executed whenever the 

state is entered regardless of which transition is taken in10 the sure 

Exir action, an optional code segment that is automatically execured whenever a transi- 

tion is taken out of the state 

.A smte that is decomposed into a lower level stare machine is called a composite state. In 

ROOMCharts? the word top is a reserved identifier that is used to label the uppermost 

state of an actor behavior. 

Jllso, in ROOMCharts, a composite state has a notion of history in that, at execution tirne? 

it dways remember which of its substates was last visited. W e n  a history transition is 

taken into the state, a composite state retunis to its 1st visited substate. As a notation con- 

vention, a transition that terminates on the outside border of a composite state automati- 

cally goes to history. For example, in Figure 31, after the execution of the transition 

associated with the event e5 (fiom state S4) the behavior may either enter state S 11 or 

S 12 depending on which is the last visited substates of state S 1. 

Transitions 

A transition is the means by which actor behavior goes fiom one state to another. Graphi- 

cally, a transition is represented by a directed arrow that goes fiom the source state to the 
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denination state. A transition is formally composed of a nigger specifcufion and a hansi- 

tion action code description. The nigger specifcation of a transition is defined by the fol- 

Io wing triple: 

trigger-specification = <signal, interface-component condition>. 

where signal is the signal that tnggers the event, inierface-component specifies the end- 

port or saps by which the signai is received, and condition represent the gua~d condition of 

the transition. This condition must evaiuate to tnie to ailou; the transition to be taken. .An 

event niggers a transition only if it satisfies the trigger specification of one of the outgoing 

transitions of the current state. 

Transition action code is defmed in terms of a sequence of primitive actions descnbed ar 

the programming lanagage (RPL or C 7  level. Primitive actions include sencimg mes- 

sages, cornputhg values. assigning new values to variable. etc. 

A transition may be composed of several transition segments, each of which is defmed in 

a different composite state contes. This occurs when a ~ansition cuts across composite 

states boundaries. This type of transition is called segmented transirion. Transition e3 in 

Figure 32 is an example of such transition that is composed of two transition segments: 

one segment between states S3 and SI, and another segment between the border of state 

SI to state S12. In such a transition, the occurrence of the transition triggering event 

results in the successive execution of the different segments that form the overall transi- 

tion. If there is an entry action associated with a composite state visited as part of a ses- 

mented transition, its entry code will be executed between the execution of the extemai 

and inteml segments attached to this state. In the case of a sebgmented transition. the fact 

that a transition is executed in a run-to-completion marner means that no new event can 

be processed unul the execution of al1 the transition segments is completed. 



Chapter 2. Modehg Techniques and Notation 76 

Transitions can also be split into multiple segments at a choicepoint. An example of a =an- 

sition point is given in Figure 3 1. In such caseo oniy one of the outgoing transition se-ment 

linked to the choicepoint wiIi be taken after the guard of the choicepoint is evaluated. 

Group fmnsitiom are transitions that ongin at the border of a composite state. These mm- 

skions apply equally to al1 substates uniess explicitly ovemdden. ROOM scoping d e s  are 

such that triggers on the innermost cunent state take precedence over equivalent triggers 

in higher scope. For example, in Figure 3 1. if the behavior is in state S I  1, then occurrence 

of event el will bring the behavior in state SI 2 because the transition between SI1 and 

S I  2 will take precedence over the group transition that goes fiom S I  to S2. This is called 

an ove rridden gro up namirion. 

The use of choicepoints and group transitions can significantly sirnplify the graphical rep- 

resentation of cornplex behavior. and consequently, can lead to more understandable mod- 

els. 

Initial Point and Initial Transition 

In R0OhlCharts. the initialpoint is the (non-state) point in which a Rate is placed when it 

is created. If there exists an initia1 transition between the initial point and an initial state. 

this transition is uiggered spontaneously when the component is created. Thus. the transi- 

tion code \vil1 be executed, and the behavior component will be placed in the initial nate. 

However. if there exists no transition from the initial point, the containhg çtare will 

remain in a non-state until a transition brings it in a defined substate. 

Varia blcs 

Variables cm be defined in ROOMCharts as instances of detail level data classes. 
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2.4.4 ROOM Mode1 

-4 ROOMmodel is composed of a set of actor classes? a set of protocol classes, and a set of 

data classes. 

Alço, many digerent versions of a ROOM model are usually defmed in a development 

process. For example, a different version may be defined for each iteration in an iterative 

process. When needed, we refer to a specific version. say version n! of a ROOM model 

using ROOMrnodel,. 

In this chapter, the main notations and concepts rhat are used in the RT-TROOP modeling 

process have been described. These notations and concepts address the modeling of the 

important aspects of reai-rime systems at different levzls of abstraction. The grouping of 

these concepts and notations in a single modeling process, cailed RT-TROOP. is described 

in the next chapter. 



CHAPTER 3 RT-TROOP Modeling Process 

In Chapter 2. we described four models (STD? UCMI MSC? and ROOM) that are used at 

different stages of real-rime system modeling. In this chapter. we defme a concrete model- 

ing process, calIed RT-TROOP (Red-Time TRaceable Object Oriented Process), that 

combines die use of these four models, and that allows moving from a set of requirements 

to an implementation in a systematic and traceable manner. By concrete modeling process? 

we mean a process that is defmed at a sufficient level of details to be directly implement- 

able. 

As previously rnentioned, structure dynamics have been lefi out of the thesis, for sake of 

conciseness. However. since UCM, MSC, and ROOM al1 provide notation for modeling 

structure dynamics, this issue can be added to RT-TROOP modeling process in a straight- 

fonvard manner. Indeed, a report describing how structure dynamics cm be rnodeled at 

different level of abstraction using UCM, MSC. and ROOM in a traceable manner has 

already been written [72]. And the current industrial applications of the RT-TROOP pro- 

cess has proven that modeling structure dynamics does work. 

In this chapter, we: 

Give our definition of a modeling process (section 3.1). 

Give an overview of the RT-TROOP rnodeiing process (section 3.2). 

Describe each of the modeling phases that compose the RT-TROOP modeling process 

(section 3.3 to section 3.12). Transition techniques and design phases are illustrated 

with abstract examples. They will be illustrated with a concrete case snidy in Chapter 5 .  
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Discuss how the RT-TROOP modeling process adapts to specific design contexts 

(section 3.13). 

3.1 Modeling Process 

Modeling Process versus Development Process 

In the context of this thesis, the term modeling process means a set of rules that defüie 

how a system implementation should be built fiom a set of system requirements. Such a 

process includes a description of the models that are produced and in what order. The pro- 

posed process dso gives a description of the different modeling phases, and a set of rules 

and guidelines to help sysem designers meer the overall system requirements. 

We divide modeling phases in two distinct categories: mode1 namirion phases. which 

define the steps that should be carried out when making the transition between models. 

and in-model modelingphases, which defme the modeling activities thar may take place in 

the different models. 

In cornparison to a modeling process, a developmenr process has a larger scope as it 

should include, in addition to modeling, other developrnent aspects such as: requirement 

capniring and classificatio- risk analy sis, testing, deployment, maintenance. and so on. 

Even though some issues related to the integaion of RFTROOP modeling in an indus- 

mai development process are discussed in Chapter 7- the integration of the RT-TROOP 

modeling process into a global development process is outside the scope of this thesis. The 

RT-TROOP modeling process is defined independently fkom any particular development 

process. We envision that RT-TROOP modeiing couid be integraed in existing develop- 
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ment processes such as the Rational Unified Process (RL'P) [jj] or the Unified Software 

Development Process 1481. 

Model Transition Phases 

Because object-onented modeling processes combine the use of several models, the tran- 

sitions between models constitute key steps. When conducted in an ad hoc manner, these 

transitions are error prone. They ofien introduce inconsistencies between rnodels that 

make these models obsolete and unusable. Model transitions are particularly problematic 

for inexperienced designers, who usually do not understand very well the role of the dif- 

ferent models in the overall process and the reiationships that exits between them. 

One way to facilitate model transitions consists in defining a set of model transition trch- 

niques. nie  role of those model transition techniques is to defme how the information con- 

tained in one model c m  be used for the definition of another rnodel, and what is the 

information that needs to be input by the designer. The p a l  of a model transition is to pro- 

duce a model that is consistent with previous models. 

In this chapter, we defme a set of model transition techniques that allow moving between 

STD, UCM, MSC'96, and ROOM in a systematic and traceable manner. 

The model transitions techniques defined in this thesis establish semantic links between 

elements of the different models. These links are defmed based on our understanding of 

the different notations and on the role piayed by the different models in the overall model- 

ing process? not on a formal semantics of the models. There are two main reasons for this: 

1- o u  main motivation for the d e f ~ t i o n  of the RT-TROOP modeling process is to provide 

a concrete solution for a problem often raised by industrial software engineers that con- 

cerm the dificulty to build communicating state machine models fiom scenario models, 

not establish formal transformations between models, and 2- among the models used in 

RT-TROOP? only MSC has a formal semantics [44], both UCM and ROOM have a formal 

syntax, defined respectively in [2] and [93], but no formal semantics. Moreover, the defi- 
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nition of formal semantics relations bem-een RT-TROOP models wouid require the defim- 

tion of (or the use of an existing) meta-mode1 that could be used to speci& the semantics 

of each of the models. The d e f ~ t i o n  of formal semantic relations between the models is 

outside the scope of this thesis. It constitutes by itself the subject of another research 

project. Therefore, one may see the inter-mode1 links defmed in ths thesis as arbitrary 

ones. 

While some aspects of the transition techniques defined in the RT-TROOP modeling pro- 

cess can be automated, they all require inputs (design decisions) fiom the designer. Our 

intent is not to completely automate the transitions benveen models. but rather to facilitate 

a designer's task by listing the set of decisions that rnust be taken in perfoming the transi- 

tions, and by identieing the information that could be used to take the decisions. We 

snongly believe that the definition of these transition techniques c m  significantly reduce 

the complexity of a designer task, in particular the task of uiexpenenced designers. 

The definition of the model transition techniques constitutes an important contribution of 

this thesis. 

In-Model Modeling Phases 

In-mode1 modeling phases defme the modeling activities that may take place in a specific 

model. This includes design transformations such as: definition of new elements, refme- 

ment of existing elements, composition of exishng elements into a single new one, and 

deletion of existing elements. 

The major objective of this thesis is to define a modeiing process that integrates existing 

modeling techniques. We make no attempt to contribute to the development of any of the 

modeling techniques per se. Each of the modeling techniques we use has been the subject 

of numerous publications that discuss and illusnate with case studies how they cm be 

used in the development of real-time systems. These papers describe different design con- 
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cepts and design transformations that can be used in the models. In this thesis, we Îocus 

instead on how to use the modeling techniques together. 

In the in-mode1 modeling phase sections of this chapter, we list and bnefly describe design 

nansfomations that can be used in the different models in the context of the RT-TROOP 

modeling process. The set of in-mode1 design transformations that we describe does not 

pretend to be complete in any way. Therefore, system designers using RT-TROOP should 

not limit themselves to the set design transformations defmed here, and should used others 

as needed. In rhis chapter, we describe the ones that we believe are the most important. 

The in-mode1 modeling phases and the design transfomations that can be applied in these 

phases are discussed for the sake of process description completeness. We want ro give an 

oveMew of the different phases that compose the RT-mOOP modeling process in order 

to highlight where design decisions c m  be taken dong the modeling process: in the model 

transition phases or in the in-mode1 modeling phases. 

Iterative and Incremental Process 

The objective of iterative development consists in decomposing the overall set of require- 

ments into subsets that can be each addressed in a different development cycle, called iter- 

ation. Each of the system modeis m u t  be revisited and possibly modified at each iteration 

to reflect the new set of requirements. At the model levei, the addition of new require- 

ments may result in the introduction of new model elements or in the modification or dele- 

tion of existing ones. 

An important advantage of the iterative approach is that it should produce a completely 

integrated and tested system (that has a reduced set of functionaiie) at the end of each 

iteration. Because a system implementation is typically built in each iteration, and because 

the duration of iteration is relative. short, the iterative process allows quick feedback on 

system design. Thus, the late integration disasters of the waterfall model, and other sunilar 

processes, can be avoided. 
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In an iterative process, the implernented system functionaliry (i.e. the coverage of the 

overall set of requirements) gradually increases over iterations. The philosophy behind the 

approach is to start fiom something small that works and add to it. The process ends when 

al1 system requirements have been addressed, and the complete system functionality has 

been implemented. 

The starting point of an iteration is the definition of a new version of the requirement 

modcl. which we take to include a set of scenarios and a set of general requirements. The 

requirement model is built in an incremental marner, which means that new scenarios and 

general requirements are added at each iteration. Incremental (upward compatible) modi- 

fication of scenarios and general requirements is also allowed. Examples of incremental 

scenario modifications include addition of new responsibilities in existing scenarios, 

refinement of existin; responsibilities. and addition of new alternative scenarios to a sce- 

nario. In this chapter, we only deal with incremental modification of requirements. 

Because of the potential impact they have on system models, non-incrementai modifica- 

tions of requirements need to be considered separately. Examples of non-incrementai 

modifica~ions of scenarios include the removal of an existing scenario, the modification of 

the ordering of responsibilities in a scenario, and the deletion of a responsibili~ in a sce- 

nario. In ordrr to deal with non-incremental modifications, a rnodeling (and a develop- 

ment) process rnust allow for the precise evduation of the impact of modifications, and for 

the mainrenmce of model consistency through modifications. For example, if an enor is 

discovered in a scenario at the implementation level, the scenario need to be modified. and 

ail models mus be revisited and modified in a consistent rnanner to reflect the modifica- 

tion. In bis thesis, we use traceability relations, dehed  in Chapter 6,  to deal with the 

issue of non-incremental modifications. 

The result of each iteration is a new version of the different models of the .stem, aod a 

new version of the system implementation. Each model must be tested and validated to 

ensure CorxCtneSS. 



Chapter 3. RT-TROOP Modeling Process 

A diagram illustrating our proposed iterative approach is given in Figure 33 ' . 
FIGURE 33. Iterative process 

Requiremen t 
Modei 

i 
Models 

Iteratioa 1 [teration 2 Iteration 3 

3.2 Ovewiew of RT-TROOP Modeling Process 

In this section, we give an o v e ~ e w  of the RT-TROOP modeling process; we discuss its 

main characteristics, describe the role of the models that compose it? and $ive a table that 

summarizes the role of the different RT-TROOP modeling phases. 

1. This diagram has been taken fkom [93]. 
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3.2.1 Characteristics 

RT-TROOP is an iterative object-oriented modeling process for real-tirne systems that has 

two main characteristics: scenario-driven and strong traceability. 

Each RT-TROOP iteration is defmed in tems of a new set of scenarios. During an itera- 

tion, the focus is on the design of the newly introduced scenarios, and on the scenario 

interactions (possible conflicts) that results from their introduction in the system. Scenar- 

ios are first captured at an abstract in a textual form' and progressively refined until the? 

reach a suf~cient level of details to be integrated in the detailed-level component behavior 

model. 

Strong tracea bility 

In RT-T'ROOP. strong traceability is maintained between model elements throughout the 

entire process. To achieve this strong traceability? we define three types of traceability 

relations: inter-mode[ naceabilirv. which allows linking elements of different models. 

inter-version ~ a c e a b i l i ~  which allows linking elernents of different versions of a model. 

and design decision rraceabili~ which allows linking each design decisions to a specific 

set of requirements and rnodel elements to the design decisions fiom which they resulted. 

This allows evaiuating the impact of modifications on the different models, and therefore 

allows maintaining consistency between the different models. The different types of trace- 

ability relations are discusses in more details in Chapter 6. 

Although traceability is not addressed explicitl y in this chapter! the modeling phases that 

are defmed and the notation that is used allow maintaining a fuie-gained traceability 

between requîrements and implementation. 
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3.2.2 Composition of RT-TROOP 

RT-TROOP is defined in terms of a set of models and a set of modeling phases. The mod- 

els currently used in RT-TROOP are STD, UCM, MSC? and ROOM. The modeling phases 

include both model transition phases and in-mode1 modeling phases. The role of the dif- 

ferent models and modeling phases are described in the rest of this section. 

An overview of the RT-TROOP process is given in Figure 34? It illustrates the different 

models and modeling phases that compose it. In this diagram, models are illustrates using 

boxes and the modeling phases are illustrated using numbered circles. The arrows drawn 

between model boxes illustrate inter-model relationships. These arrows are drawn as uni- 

directional arrows in this diagram. The direction of the mows correspond to fonvard engi- 

neering direction. However, since the RT-TROOP modeling process maintains backward 

traceabiliv relations between models'. the arrows cm also be taken in the opposite direc- 

tion. 

The focus of this diagam is on models and modeling phases that take place in a single 

iteration. In order to get the complete picture of the modeling process. readers should 

remember that each mode1 is incrernentally built through iterations. Thus each iteration- 

except the vexy first one, starts with the set of models produced in the previous iteration. 

During an iteration, modifications are made to the different models to reflect the new set 

of requirements. The relationship between successive versions of a model (i.e. model ver- 

sions built in successive iterations) is not illusnated in this diagam. 

Each RT-TRûOP iteration is tnggered by the definition of a new version of the STD 

model. The iteration may aiso contain a set of new general requirements4. The new STD 

model may contain new scenarios and/or modified ones. The issue of decomposing the 

2. ïhe  ROOMChart modeling phase (10) iliustrated in Figure 34 is located in die ROOMChart rnadel, but 
because it requires input fiom the UCM modei, an arrow is drawn benveen the UCM model and the 
ROO MChart model. 

3. Backward mceability relations between RT-TROOP modets are defuied in Chapter 6. 
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overall set of STDs into subsets, each of which being addresses in different iteration, is a 

development process issue that is outside the scope of t h i s  thesis. Each iteration ends with 

a new version of the different models. 

The numbers used to identify the modeling phases in Figure 34 should not bc interpreted 

as a prescribed sequence. They correspond to one possible sequence. This sequence is the 

general sequence executed when building a system fiorn scratch. Other sequences are also 

possible. Some of them will be discussed in section 3.13. 

FIGURE 34. RT-TROOP modeling process 

ROOM mode1 

RT-TROOP Modeling Phases: a Frorn STD ro UCM a K M  modeling a From UCY to MSC a Speçi Amion MSC rnodeling a Fmrn blSC ro ROOM Structure a ROOM nnicnire modcling a Adding ROOM structure informations to MSC a Carnponcnr behavior modeling in MSC 
Frorn MSC IO ROOMChm 

@ ROOMChart modeling 

In terms of models, RT-TROOP could be extended with other models such as L'ML smic- 

nize diagram to model class hierarchies, formal verification methods, and performance 

analysis models. RT-TROOP is intended to be an open process that allows for the integra- 

tion of different models. In order 10 integrate a riew model, say M. in die RT-TROOP mod- 

eling process, we need defme to defme: 

4. The set of generai system requuements is not shown in the RT-TROOP modeling process diagram, but it 
is implicitly part of it. 
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1. The role of M in the modeling process 

2. A set of transition techniques between M and the other models (STD! UCM, MSC, and 

ROOM) 

3. A set of traceability relationships between M and the other models 

3.2.3 Role of the Different Models 

Each RT-TROOP modeling iteration starts with a new version of the STD model and it 

produces the following models: a UCiM model, 

production of the ROOM model of the system 

process5. 

a MSC model, and a ROOiLl model. The 

consritutes the end goal of the modeling 

STD model 

The STD model is the srarting point of the RT-TROOP modeling process. It contains the 

set of scenarios that m u a  be implemented in the system during an iteration. The temal 

and high-level nature of STDs allows capniring scenarios at the requirement level. This 

facilitates communication with stakeholders. 

The process of d e f ~ n g  the different scenarios contained in the STD model is a task that is 

part of requirement engineering and therefore is outside the scope of this thesis. 

UCM model 

The UCM model is the high-level design model of the system. It describes the different 

scenarios of the system, the interactions among them. and the set of components that are 

responsible for their execution. 

5. Implementation c m  then be automaticaily generated fkom the ROOM model. 
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Because of the high-level behavior view it provides, and because of ils expressive and 

intuitive graphical nature, the UCM model is particularly useful to analyze and discuss 

system issues, and to comniunicate with stakeholders. 

The UCM mode1 produced during the GCM rnodeiing phase can be used to validate 

requirements, or more specificdly STDs, and high-level systern design. This c m  help to 

discover qstem issues that occur because of the combination of scenarios in composite 

maps. Examples of issues that can be discovered by analyzing UCM models include: race 

conditions, scenario conflicts' direct and indirect coupling between scenarios. and sce- 

nario concurrency. It can also be used to identi& possible bonlenecks in the system. 

MSC mode1 

The MSC model focuses on inter-componen~ communication. It describes the set of sce- 

narios (defined in the UCM model) in terms of message sequences. 

The MSC model plays a cenaai role in the RT-TROOP rnodeling process as it provides the 

bridge between UCM high-level rnodel and ROOM detailed model. The level of details in 

the MSC model graduaily increases as we progress in an iteration. To capture the increas- 

ing level of details of the MSC model, RT-TROOP defines IWO diEerent MSC models: a 

specification MSC? which is defined independently of any ROOM model, and a derailed 

MSC, which is defined in relationship with a specific ROOM model. 

The specification MSC mode1 is defmed as a refmement of die UCM scenarios in rems of 

components, inter-component messages, and actions. At this level, the MSC model is con- 

sidered abstract in as much as it is not Linked to any particdar ROOM rnodel; the mes- 

sages contain no information about the ports by which they are sent, the ody states 

defined in the model are system states that have no direct equivalence in die ROOM 

model, and the components (instances) are not yet bound to any particular ROOM actors. 
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The information contained in the specification MSC model is used as the bais  for the def- 

inition of the ROOM structure model, which is defined in terms of a set of actors (cornpo- 

nents), ports and bindings. In fact. the specification MSC model contains dl the necessary 

information for the definition of the ROOM structure of the system. It defines system 

components, it identifies the pairs of communicating components, and it explicitly 

describes the iist of messages exchanged beween components. 

Once the ROOM structure of the system is defined. the MSC model is updated to reflect 

the specific structure of the system. .At this point, a new MSC model, called the custom- 

ized MSC model. is defined. This mode1 is obtained by adding ROOM stnicture informa- 

tion to the specification MSC model. 

Finally. the customized MSC model is used to smooth the transition between system 

behavior modeling and component behavior modeling. In order to facilitate this transition. 

componenr behavior information (Le. component States? transition code? en tp  and exit 

code) is introduced in the customized MSC model. The resulting customized MSC rnodel 

is then used as a main input in the definition of the ROOMChart component behavior 

models. 

The customized MSC rnodel produced d u h g  an iteration can be used to test the ROOM 

model at the end of the iteration. 

R 0 0 ! V  model 

The R0051 model is composed of two distinct parts: the ROOM structure model and the 

ROOhlChm model. The production of the complete ROOM model of the system is the 

end goal of the RT-TROOP modeling process. The ROOM model is the blueprint from 

which code is automaticaily generated. 
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The ROOM smcture mode1 descnbes the structure of the system in terms of a topology of 

communicating components (actors). It is defined mainly in tems of a set of acton that 

cornmunicate through ports and bindings. 

The ROOMChart model descnbes the detail-level behavior of each of the actors contained 

in the ROOM structure model by means of a hierarchicd state machine. The ROOMChart 

model contains a set of component behavior hierarchicd Rate machines (one per system 

actor). 

3.2.4 Modeling Phases 

-4s illustrated in Figure 34. RT-TROOP modeling proceeds through a sequence of differ- 

ent modeling phases. The activities perfomed in each of these phases. as well as their 

inputs and outputs, are summarized in Table 1. Each of these modeling phases is described 

in more detail in the following sections of this chapter. 
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TABLE 1. RT-TROOP modeling phases 

the 1 ~ x i r e s s  the scenarios desmbed / in the STD rnodel using the UCh.1 1 notation 

1 Activities: 

unbound UCM 
related path sets 

- a set of new 
unbound UCM 
related path sets 

- the existing UCM 
model 

Input 1 Objective and Activities I Output 

- a new version of 

- a new version of j Objective: 

r - create a UCX1 related path set i 

- a set of new 

for each STD contained in the 
SïD model 

- map each STD scenario onto a 
specific UCM path 

Objective: 

In tep te  the new UCM paths in 
the exis~ing UCM mode1 

Activities: 

- defme system components 

- allocate responsibilities to sys- 
tem components 

- a new version of 
the UCM rnodel 

1 
l 1 

- defme interactions berween sce- : 
narios I 

1 

- restrucnire UCM maps 

Objective: ; - a set of new speci- 
h e  hecM model Express each UCM pah in tems 1 fication MSCs 

1 1 of a sequence of inter-compo- ' 
nent messages and cornponent 
actions 

Activities: 

- penerate a HMSC for each 
i UCM related path set 

: - defme a basic MSC for each 
I UCM path segment 

- define data objects associated 
with messages 

- describe UCM responsibilities 
in texms of a sequence of MSC 
messages and actions 



Chapter 3. RT-TROOP Modehg Prscess 

4- Specification 
MSC mcdeling 

5- From ,MSC 
to ROOM 
structure 

6- ROOM 
structure mod- 
eling 

input 

- a set of new speci- 
fication MSCs 

- the existing speci- 
fication iMSC 
mode1 

- a new version of 
the specification 
MSC mode1 

- a set of new 
ROOM role smc-  
cures 

- the existing global 
ROOM structure 
mode1 of the s y -  
tem 

Objective and Activities 

Objective: 

Inte--te the set of new specifka- 
tion MSCs in the specification 
MSC model of the system 

Activities: 

- introduce new components 

- refmr hi&-level messages in 
more detailed ones 

- define new system States 

- restnicrure MSCs 

Objective: 

Define ROOhf role structures on 
a per scenario (or scenario related 
path set) b a i s  

Activities: 

- defme role actors 

- defme role protoc01 classes 

- defme inrer-acror bindings 

- defrne ROOM data classes for 
data associated with messages. 

Objective: 

Inte-aate the ROOM role smc- 
m e s  in the global ROOM smc- 
ture of the system 

Activities: 
I - defme system actors l 

- defme system protocol classes 1 - defrne anor bindings i 
- defme the type of inter-actor 
communication (sap-spp or ports) 

- resuucture system 

Output 

- a new version of 
the specification 
MSC model 

- -- 

- a set of new 
R00M role smc- 
mes 

-- 

- a new version of 
the global R00M 
structure model of 
the system 
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Input 

- a new version of 
the global ROOM 
structure model 

- the eiristing ver- 
sion of the specifi- 
cation MSC modei 

- the existing cus- 
tomized MSC 
model 

- a new custornized 
MSC model 

Objective and Activities 

Objective: 

Add ROOM structure informa- 
tion to the MSC model 

Activities: 

- add the binding information to 
the messages in the MSC mode1 

- link each MSC cornponent 
instance to a specific ROOM 
actor 

Objective: 

Introduce cornponent behavior 
information in the customized 
MSC mode1 

Activities: 

- deflne component States in the 
MSC model 

- identify uansition actions 

- identiQ state enay and exit 
actions 

- identify synchronous messages 

- - -- 

Output 

- a new version of 
the custornized 
MSC model con- 
tainin; ROOM 
structure informa- 
tion 

- a custornized 
MSC mode1 con- 
taining component 
behavior informa- 
tion 
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Input 

- a new version of 
the customized 
MSC model con- 
taining both stnic- 
ture and cornponent 
behavior informa- 
tion 

/ Objective and Aetivitia - 
Objective: 

Define component behavior 
(ROOMChart model) on a per 
component/scr.nario basis 

Activities: 

- defme fiat smte machines on a 
Fer cûmponent'scenario (or sce- 
nario relared path set) ba i s  

- define ROOMChm States and 
transitions 

- introduce code-level informa- 
tion in the ROOMChart rnodels 

- defme required ROOM data 
classes 

Output 

- a set of ROOM- 
Chart role behav- 
iors 

- a set of nsw 
ROOMChan role 
behaviors 

- the UCM model 

- tfie existing 
ROOMChart model 

Objective: I - a new version of 

lategrare the role behaviors in the / the RooMChan 
cornponent behavion (one for 1 mode' 
each ROOM actor) i - a new version of 

Activities: ! the cornpiete 
: ROOM mode1 (end - use hierarchical state machines : 

to srmcture component behavior overa,l rnodeling 

i - defrne entry and exit code for ; process) 
i composite nates 
i I 

! - restructure cornponent behavior 1 

The main focus of the RT-TROOP modeling process is on model integration, not on 

object-oriented modeling patterns or heuristics For this reason, the RT-TROOP rnodeling 

phases focus mainly on establishing semantic relationships between elements of the differ- 

ent models. The only design patterns we define are the ones for hierarchical state machine 

design. We do not, for example, define cnteria that could used to group messages into pro- 

tocols, to group responsibilities into objects, to define meaningful objects and classes, etc. 

Readers interested in such heuristics and patterns are referred to the e x i s ~ g  literature. e.g. 

[W, 13 51, P71. 
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3.3 From STD to UCM 

The objective of the transition between STD and UCM is to express rhe scenarios 

described in the STD model using the UCM graphical notation. The input of the transition 

is a new version of the STD model, and the output is a set of new unbound UCM paths. In 

this modeling phase, each of the STDs introduced in the current iteration is mapped ont0 a 

UCM related path set. The transition between STD and UCM is highiighted in Figure 35. 

FIGURE 35. Transition from STD to UCM 

Before going on with the description of the transition between STD and L'CM' we anaiyze 

the semantic relationship that exists behhieen the two models. 

3.3.1 Relationship between UCM Models and STD Models 

UCM models are composed of two aspects: path and structure. In this section? we sepa- 

rately analyze the relationship that exist b e ~ e e n  these two pans of UCM models and STD 

models. 
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Relationship between UCM Paths and STDs 

STD and UCM both describe scenario paths at the same Ievel of abstraction. In facc UCM 

maps are usually associated with a textual description that briefly describes its overall 

objective and its different elements: responsibilities~ pre and postcondiùons. triggering 

and resulting events, alternatives, and nonfunctional requirements that apply to the sce- 

nario. 

.Uso? STD and UCM both provide for the grouping of related scenarios into scenario 

related path sets. STD groups together main scenarios with alternatives, while UCM uses 

the concept of UCM related path set to express alternatives to main scenarios. 

Relationship between UCM Structure and STDs 

Conceming structure, STDs contain very linle infoxmation. In fact. STDs are only con- 

cerned with the set of extemai actors that participate in the execution of the scenario. Such 

extemal actors may either represent users (humans) of the system or other systems with 

which the system comunicates during the execution of the scenario. 

3.3.2 Generation of the UCM Model 

In the transition between STD and CCM? our objective is to generate a UCM model that 

associates a UCM related path set with each STD contained in the STD model. At a 

detailed level. each of the elements descnbed in a STD is mapped onto a UCM element. 

This ensurcs 3 strong traceability between the two models. 

The details of the generation of a UCM mode1 fiom an STD model are descnbed hereafter. 
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Path 

In the context of RT-TROOP, we establish a one-to-one relationship between UCM related 

path sets and STDs. More specifically, we generate a UCM map, containhg a single 

related path set, for each STD contained in the STD model. Each path withm a UCM 

related path set is associated with a specific scenario in an STD. h STD scenario can be 

either the main scenario of a STD or one of its alternatives. 

At a detailed level, we establish a one-to-one relationship beween the following elements 

of UCM and STD models: 

UCM triggering event and STD triggering event 

UCM precondition and STD precondition 

LCM responsibility and S'ID responsibility 

UCM resulthg event and STD resulting event 

UCM postcondition and STD postcondition 

In an iteration, designers may have to define new UCM paths or modif. existing ones to 

reflect incremental modifications that have been made to existing STDs. For the purpose 

of modifications, designers may need to: 

Introduce new responsibilities on an existing UCM path. 

Introduce new UCM paths in an existing related path set. 

Structure 

At the structure level, a UCM component is generated for each extemal actor defmed in 

the STD. 
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Because system components are not yet defmed at th is  point of the modeling process, the 

resulting UCM maps are unbound maps (see section 2.2.2 for definition of unbound 

maps). 

Example 

In Fiame 36 and Fi=we 37: an example illustrating the transition berween STD and UCM 

is given. 

FIGURE 36. Generation of UCM from STD 

-- 

1 Description: 
l 
i 

1 Precoadition: The system rnust be in state S 1 

Triggering event: The scenario is triggered by the reception of message te 1 from 
! 

User l 
I 

1. r l  <description of the responsibilitp 

1 2. 
r2 <description of the respansibiIity> 

1 

l 
l 1 3 r3 <descriprion of the responsibilitp 1 

1 4. r4 <description of the responsibilitp 

1 Portcondition: The systern ends in sute S? 
1 

1 

I Resulting event: As a resuit of the execution of scenario S 1, message re1 is sent to 
User2 

1 Alternatives: none 1 
Nonfunctional requirements: 
- the scenario SI must be executed in no more that 5 seconds 
- the communication between the users and the systern mus  be implemented usin; a 
secure communication protocol 
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FIGURE 37. Unbound UCM map resulting of the transition from STD 

ucm S1 

S y stem 

ce 1 : criggering event for path P 1 
(preconditionjtel): System is ln the srate S I )  

re1: resulting cvent for path P l  
(poncondition(re 1 ) :  System is in the state S2) 

3.4 UCM Modeling Phase 

UCM is more than just a graphical representation for scenario textual descriptions. It is a 

modeling technique that aims at producing a high-level design model of the system. As 

described in section 2.2, the production of a UCM model requires the definition of system 

paths, the d e f ~ t i o n  of system components, the allocation of path responsibilities to corn- 

ponents, and the description of inter-scenario relationships. 

In the transition between STD and UCMI a set of unbound UCM related path sets have 

been produced. These reiated path sets are descnbed independendy from each other. The 

objective of the UCM modeling phase is to integrate the related path sets produced in the 

transition between STD and UCiM in the existing UCM model (Le. the one produced as a 

result of the previous iteration). The inputs of the K M  modeling phase are the set of new 
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unbound paths and the existing UCM model. The output is a new version of the UCM 

model. The LTCM modeling phase is highlighted in Figure 38. 

FIGURE 38. UCM modeüng phase 

STD mode1 i n - ROOM rnodcl 

3.4.1 Modeling Activities 

In this rnodeling phase, different modeling activities may need to be carried out by design- 

ers: 

Definition of system components. 

Allocation of responsibilities to components. 

Specification of scenario interactions. 

.Addition of new paths to existing composite maps to describe relationships between 

existing paths and new ones. 

Restructuring of maps. 

Map restruchiring may be required for several reasons such as: to salis. new require- 

ments, to increase the le-=?el of details in the UCM model, to decompose maps that have 

become too complex through the iterations, and to increase reusabili. LICM maps may 

be resmctured both at the structure and path level. 
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In the UCM modeling phase: the UCM modeling technique is used as described in [18]. 

The definition of the elements that composes a UCM model can be done in different 

orders. The order in which the elements are defined in the UCM mode1 depends on the 

information contained in the requirements and on the information contained in the existing 

UCM model. For example; if system components are specified in the requirement docu- 

ment. we ci generally SM by describing the component context diagram6, and then express 

the different scenarios in the context of this diagram. On the other hand, if no components 

are specified in th2 requirement document, then we may try to map the scenarios to differ- 

ent sets of components until we find a satisfj4ng solution. Thus. the LKM model consti- 

tutes a good model for smdying design alternatives. 

In RT-TROOP. we build two types of UCM maps: the ones that individually describe 

related path sets, and the onrs that describe relatïonships between paths conrained in dif- 

ferent related path sets. The first ones consritute the building blocks for second ones (com- 

posite maps). 

In this section. we separately discuss modeling activities related to structure and path. 

3.4.2 Structure 

Component Definition and Responsibility Allocation 

As a result of the transition beween STD and GCM, a set of unbound maps containing 

individual related path set has been produced. However. fiom a system design viewpoint. 

these maps are incomplete because they do not define the system components that are 

6. A component contexr diagram is a diagram in which only the topology of the components that compose 
the system and its environment are given. The communication links between components are not shown 
in a component context diagram. 
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responsible for execuring scenario responsibilities. ln the UCM modeling phase, we 

define system components, and allocate to them scenario responsibilities. 

In UCM modeling, responsibility allocation provides the mechanism by which system 

behavior paths and -stem components are linked together. When allocating responsibili- 

ties to components, designers m u t  ensure that the responsibilities that are allocated to a 

component are consistent with the role the component plays in the system. The role 

description of the components constitutes the main information used by designers for the 

purpose of responsibility allocation. 

.An example of componeni definition and responsibility allocation is given in Figure 39. In 

this example, three component, Cl, C2' and C3? have been defined to execute scenario 

SI. In ternis of responsibilip allocation, responsibility r l  and r3 are allocated to compo- 

nent C 1, responsibiliry r2 is ailocated to component C2- and responsibili. f4 is allocated 

to component C3. 

FIGURE 39. Generation of UCM from UCM requirements 

ucm SI 
1 

Corn ponent Decomposition 

te 1 : triggering cvent for path P 1 
(precondicion(tel): Systern is in rhr nate SI ) 

re 1 : resulting cvent for path P 1 
!postcondition(reI): Systern is in the state S2) 

In the UCM rnodeiing phase, designers may also decompose existing components into a 

set of subcomponents. 
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3.3.3 Patb 

Specification of Interactions and Concurrency 

One of the important feanires of the UCM modeling technique is the abiiity to describe 

interactions and concurrency between scenarios. In the UCM modeling phase. one of the 

main responsibilities of the designers is to specify these inter-scenario relationships. This 

is achieved by combining sets of related paths in composite maps (section 3.2.7), each of 

which specifjhg a set of important relarionships between system scenarios. Inter-scenario 

interactions are specified using the UCM path interaction notation (section 22.6)- 

Examples of scenario interactions are illustrated in section 2.2.6 (Figure 11). 

Path Restructuring 

.L\t this stage. designers may also need to restmcture L'CM maps at the path level. We dis- 

tinguish two types of path resmcturing: 

Responsibiliy decomposition. 

Responsibilih decomposition allows refuiing existing responsibilities into sub-respon- 

sibiliries or stubs. An example of responsibility decomposition is given in Figure 40. In 

this figure. the two types of responsibility refmement are illustrated. In the fust case 

(top right side of the figure), responsibility x is refuied into a sequence of three sub- 

responsibilities XI, x2 and x3. In the second case (bottom right side of the figure)? 

responsi b i l i ~  x is replaced by a stub X. 
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FIGURE 10. Responsibiiity decomposition 

m 

Path resîmcniring. 

Path restmchiring may include parh factoring. i.e. cutting a path into a set of sub-paths. 

and pnth merging (the opposite process), i.e. merging a set of individual paths into a 

more complex path or into a related path set. 

The two types of path restructuring are illustrated in Figure 4 1. 

FIGURE 41. Path factoring and merging 

Path factoring 

w & + w  
Path merging 

3.5 Transition from UCM to MSC 

The objective of the transition between UCM and MSC is to express each of the paths 

contained in the UCM model as a sequence of inter-component messages and component 

actions. The input o f  the transition is a new version of the UCM model, and the output is a 
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set of new specincaûon MSCs. The transition between UCM and MSC is highlighted in 

Figure 42. 

FIGURE: 42. Transition from UCM to MSC 
t 

STD mode1 

nie generation of a specification MSC model from a UCM model is conducted in two 

steps: 

1. Generation of MSC Skeletons 

This s e p  consists in generating a MSC skeleton (see definition of MSC skeleton in 

section 2.33) for each L'CM related path set contained in the UCM model. This step 

can be completely automaied. and therefore would not have to be performed by design- 

ers. 

2. Defmition of Message Sequences 

This step consists in expressing each of the UCM responsibilities in terms of a message 

sequence, or more generaily in terms of a sequence of MSC activities'. 

In the following sections, vie separately describe these two steps. But before going on with 

the description of these wo steps, we analyze the semantic relationship that exists 

between UCM and MSC models. 

7. MSC activities include both messages and actions. See section 2.3.1 for more details. 
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3.5.1 Relationship between MSC Models and UCM Models 

UCM and MSC are DNO modeling techniques that focus on scenario description. In order 

to establish a transition benveen models produced by these hvo modeiing techniques. we 

need to analyze how their respective concepts relate to each other. Here is a cornpaison of 

their main concepts: 

Scenario Description. One of the main concepnial differences berneen UCM and 

MSC lies in the abstraction level at whch the. describe scenarios. UCM describes sce- 

narios in terms of sequences of responsibilities. UCM responsibilities are descnbed at a 

high level of abstraction b>* a label and a bnef temai  description. Such a description 

abstract away inter-component communication. On the other hand. MSC describes sce- 

narios in terms of sequences of inter-component messages and internai actions. 

Components. UCM and WSC both allow for component definition. On one hand, 

UCM defmes components in terms of the role they play in a scenario (by means of a 

short texnial descriptionj, and the set of responsibilities they must protide in the con- 

text of the scenario. UCM does not provide notation to descnbe the intemal logic of 

components. UCM allows describing, at a hi& level of absuaction. what a component 

does in the context of a scenario, but it does not describe how the cornponent does it. 

On the other hand, -MSC dlows for component description at a lower level of abstrac- 

tion. MSC describes component behavior mainly in tems of a set of conditions. that 

rnay be viewed as States, and a set of messages exchanged between the component and 

its environment. (A set of internai actions may also be included.) 

Related path set. Both description techniques provide for related path set description. 

On one hand, UCM describes scenarios by means of UCM related path setso which 

allows composing several altemate paths into a single UCM diagram using seagnent 

connectors. On the other hand, MSC uses the HMSC notation to describe related path 

sets. Each HMSC describes a set of related message sequences. 
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The main difference between the two modeling techniques lies in the fact that UCM 

uses a single type of notation to descnbe both individual scenarios and related path sets, 

while MSC uses the basic MSC notation to describe individual scenarios- but normally 

uses the HMSC notation to descnbe related path sets8. 

Scenario interactions. The capability to explicitly describe scenario interactions is a 

feanue that exists in UCM, but does not exist in MSC. Scenario interactions are cap- 

tured in UCM models using path interaction notation (see section 2.7.6). 

In conclusion, UCM and MSC are nnio scenario modeling techniques that express scenario 

in the context of system components. However, they describe scenarios and components at 

different levels of abstraction. 

Relationship between elements of UCM and MSC Models 

Prior to defining the details of the transition between UCM and MSC, it is important to 

undentand the relationship that exisü between elements of the UCM and MSC models. A 

schernatic view of this relationship is illustrated in Figure 43. 

A UCM mode1 is composed of a set of UCM maps, labelled UC'VIi, UCM2: and UCM, in 

Figure 13: and a set of UCM related path sets, labelled S1, Sp, and Sn (see section 2.2.8 

for more details). Similarly, a MSC mode1 is composed of a set of individuai MSCs, 

labelled MSC+ MSC2: and MSC, in Figure 13 (see section 2.3.4 for more details). 

In the RT-TROOP modeiing process, we establish a one-to-one relationship between 

UCM related path sets and MSCs. We define a basic MSC for each path segment con- 

tained in the UCM related path set, and defme a HMSC that captures the relationship 

8. It should noted here that related path sets can be completeIy described in basic MSCs usinp the inline 
expressions. The two notations are semantically equivalent. A HMSC can be aansformed into an equiva- 
lent basic MSC, and vice-versa. However, the cumbersorneness of basic MSCs rapidly increases with the 
number of scenarios contained in a related path set. The resulting basic MSCs may become very difficult 
to read. For this reason, we strongly recomrnend using the HMSC notation to describe related path set. 
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between the path segments. The HMSC descnbes the possible sequences of basic MSC 

execution. 

FIGURE 13. Relationship between UCM and MSC 

 CM ~ p a t h  set related SI 7 7 7  ~ C M  ipprth set related St ) 7 am. (%CM ~ p a t h  set related Sn 
! I 
1 1 

At a detail level, we establish relationships between the following elements of the nvo 

models: 

UCM components and MSC instances 

UCM tnggering and resulting events and MSC messages 

UCM preconditions and postconditions and MSC conditions (expressing system states) 

UCM responsibilities and MSC sequences of messages and actions 

UCM path segments and basic MSCs 

UCM path connectors and KMSC alternative and parailel composition consnucts 

(MSC reference connectors) 

UCM stubs and MSCs (which codd be either HMSCs or basic MSCs) 

Ir is important to note that when going fiom UCM to MSC? the explicit interactions 

between paths expressed in UCM maps are lostg. MSC does not dlow to explicitly express 

interaction between scenarios. The interactions between them are performed through con- 
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dition sharing. I f  we think of MSC conditions as system States. ir means that when the sys- 

tem is in a given state S, any MSC s t a r h g  in state S rnay be triggered (but oniy one %+II 

be triggered). 

3.5.2 Generation of MSC Skeletons 

The objective of this step is to generate an MSC skeleton for each related path set con- 

tained in the UCM model (see definition of UCM relared path set in section 7.2.5). 

As illustrated in Figure 44, we associate a MSC skeleton with each UCM related path set 

contained in the UCM model. An MSC skeleton is composed of an optional HMSC (there 

is no need to produce a HMSC if the UCM related path set only contains one path seg- 

ment) and a set of basic MSC skeletons (one per MSC references contained in the HMSC). 

MSC skeletons are simply labelled MSC1' MSC *...MX, in the figure. MSCl is associ- 

ated with related path set SI; MSCl is associated with related path set S2. and so on. 

FIGURE 64. Generation of HMSC and basic MSC skeleton from UCM 

HMSC 
Generation 
and 
Basic .MSC 
Skcleton 
Generation 

MSC skeletons v 

9. An example of this is given in section 5.4, where the abort interaction between the stopPrimhg path and 
the printFile path is lost in the transition benveen UCM and MSC. 
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The gemration of MSC skeletons from UCM related path sets is conducted as follows: 

One HMSC is created for each related path set (the HMSC expresses the path segment 

structure of a related path set). 

One basic MSC skeleton is created for each path segment contained in related path set. 

In the rest of this section. we separately describe the generation of HhlSCs, and the gener- 

ation of basic iMSC skeletons. These seps c m  be considered as two distinct steps. They 

cm be completely automated. 

3.5.2.1 Generation of HMSCs 

In this srep. we are concemed with the generation of a HMSC that reflects the path seg- 

ment structure of the UCM related path set. The generation of a HMSC from a related path 

set is conducted as follows: 

One MSC reference is created in the HMSC for each path segment contained in the 

L'CM related path set. 

MSC references are connected together using HMSC reference connectors (see 

section 2.3.2) to reflect the path segment structure of the LTCM related path set. 

The precondition and postcondition associared with the UCM related path set are 

explicitly introduced in the HMSC as MSC conditions. 

An esarnple of the generation of an HMSC from a UCM is given in Figure 43. Because 

system components are not expressed in HMSCs, we have chosen to not illustrate them in 

the CCM of Fi-me 45. In this figure, we observe that one MSC reference box is generated 

for each parh segment contained in the related path set, and that the connection between 

PvlSC reference reflects the path segment connections of the UCM related path set. 
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FIGURE 45. Generation of an HMSC from UCMs 

UCM RPI HMSC W1 

post-cond post-cond, ah< 
If the related path set is composed of a single path segment, then it may be described 

directly by means of a basic MSC. 

in this sep.  explicit traceabiliq may be maintained by labelling each MSC reference uith 

the identifier of the UCM path segment to which it corresponds. 

T h i s  step can be cornpletely automated in a tool. 

3.5.2.2 Generation of Basic MSC Skeletons 

The generation of a basic MSC skeleton fiom a UCM path segment is conducted as fol- 

tows. 

One MSC instance (component) is created for each component contained in the UCM 

related path set. 

If the path segment contains a s t a ~ t  point then a uiggerhg event message arrow is cre- 

ated and placed at the top of the MSC, just after the system initial state (c~ndition)'~. 

This arrow is connected on its sender side to the component that generates the trigger- 

h g  event. This component may be either an internai component of the system, if the 
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execution of the path is triggered by an intemal component, or to the MSC fiame, if the 

path is triggered by an extemai component (user) not explicitly represented in the 

UCM. However, since the receiver of the message is not yet defined at this stage, the 

message arrow remains unconnected on its receiver side. 

Since the execution of a path always requires a triggerinp event to start, a tnggering 

event message arrow always needs to be defmed in a MSC. In cases wherz a MSC is 

defmed at the highest level by means of a HMSC, the triggering event message arrow is 

placed in the basic MSC skeleton that corresponds to the first path segment executed in 

the UCM relared path set to which the MSC corresponds. 

If the path segment contains a UCM end bar for which a resulting event is specified. 

then a resulting event message arrow is created and placed just above the final condi- 

tion (postcondition) in the basic MSC. It is comected on its receiver side to the compo- 

nent to which the resulting event is destined. This component may be either an intemal 

component or the MSC frame in cases where die resulting event goes back to the envi- 

ronrnent". Since the sender of the resulting event is not yet defined at this stage, the 

resulting event message arrow remains unconnected on its sender. 

If the path segment contains a UCM end bar, but no resulting event is specified for the 

end bar, then no resulting event message anow is created. While the execution of a path 

always needs a triggering event to s t a  it may terminate without sending back a result- 

ing event. Thus, resulting event message arrows are not defined in al1 cases. 

A responsibility is shown using a thick black line segment placed on the instance avis 

!O which it has been allocated. The causal ordering of the responsibili~ is maintained 

through the transition. Thus, responsibilities are placed sequentially on the component 

tirnelines. 

iO.As defined in section 2.3.5, MSC skeletons do no contain message arrows. However. because triggering 
and resuiting events are defmed in the UCM modeIs, we introduce triggering and resulting event mes- 
sages in MSCs in this phase. 

11 .The environment is composed of the set of componenrs that are extemal to the system and that participate 
in the execution of the scenario. 
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In this step, we maintain explicit traceability by labelling the MSC whh the same identifier 

as the UCM? and by labeiiing components, state conditions and responsibilities with the 

same identifiers as the ones used in the UCM. 

In Figure 46, an example of the generation of a basic MSC skeleton fiom a path segment 

is illustrated. We observe that one MSC instance is created for each component identified 

in the UCM, and that responsibilities have been placed on the different timelines. The 

sequential ordering of the responsibilities is preserved in the transition fiom UCM to 

MSC. We aiso observe that the triggering event and resulting event arrows have been 

placed on the fhme of the UCM, but have not been connecred to any cornponent timeline. 

The connection of these arrows to parllcuiar component timelines will be done in the mes- 

sage sequence definition step (section 3.5.3). Also, the pre and postconditions that appiy 

to the UCM path are expressed as initial and final conditions, labelled as S I  and S2 in 

Figure 46, in the MSC. 

FIGURE 46. Generation of an MSC skeleton from a UCM path 

1 System I 1 MSC S1 

te I : mggenng event for UCM S 1 
(precondition(te 1 ): Systern is in the state S 1 ) 

re 1 : :nsuiting event for UCM S 1 
(poncondition(re 1): System is in the nate S2) 

UCM Stubs in Basic MSC Skeletons 

stubs12 are represented in basic MSCs using MSC references. 
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In Figure 47, an example of expressing a UCM stub in a basic MSC skeleton is illustrated. 

On the top 1eft comer of the figure, the UCM S I  is given. This UCM is mainly composed 

of IWO responsibilities, r5 and r8' and a stub, stubl . In the bottom left corner of the figure, 

the UCM corresponding to Stubl is given. This stub is cornposed of two sequential 

responsibilities, r6 and r7. 

On the top right comer of the figure, the basic MSC skeleton, MSC SI' that corresponds 

to CCM S I  is given. We observe in this basic MSC skeleton that the UCM stub is 

expressed as a MSC reference. The basic MSC skeleton that corresponds to stubl is illus- 

trated in the bonom right comer of the figure. 

FIGURE 47. Expressing a UCM stub in a basic MSC skeleton 

UCM Stub 1 
1 ~ystern I 

MSC S1 
A - B C 
II. I 

r 1 l 1 1 I 

Stub 1 h. / I 

< !r8 1 ! 1 >d 
poncondition-re 1 

1 precondition te3 

1 t 

postcondition te2 
I ) I -  

1S.See definition of stubs in section 2.2.4. 



Chapter 3 .  RT-TROOP Modeling Process 

UCM Timers in Basic MSC Skeletons 

Tirners are represented in basic MSCs using MSC tirner notation. If a UCM path segment 

contains a timer (or timed waiting place), then an MSC timer is introduced in the basic 

MSC skeleton. Timer message (setTimer. timeout. and clearTimer) arrows are also 

inserted in the MSC skeletons. 

In Figure 18' an example illustrating the generation of a basic MSC skeleton from a UCM 

containing a timer is given. On the left side of the figure, UCM SI is given. This UCM is 

composed of a first path segment that contains a timer and NO aitemate paths: one trig- 

gered by the reception of a timeout event and one triggered by the reception of an 

unblocking event. On the right of the figure' the basic MSC skeleton that corresponds to 

the fus1 path segment of the UCM, Le. the one containing the timer. is given13. We 

observe in this basic MSC skeleton that the UCM timer is expressed by means of an MSC 

timer. .4ko, an alternative inline expression is introduced immediately afier the MSC 

timer. This inline expression contains two operands: the fust one corresponds to the case 

where an unblocking message is recieved (this unblocking message is undehed in the 

MSC skeleton), and the second one corresponds to the case where a timeout message is 

received frorn the timer. 

15 Jn diis example we only illustrate the basic MSC skeieton chat corresponds ro the tira se-ment of the 
UCM. The jeneration of an MSC skeleton fiam the compIete UCM reIated paîh set requires the use of 
one HMSC and three basic MSC (one of each path segment). 
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FIGURE 18. Expressing a UCM timer in a basic MSC skeleton 

' tel 
precondition tel 

l 

1 1 unblocked 

We envision that this step could be completely automated in a tool. 

3.5.3 Definition of Message Sequences 

The objective of this s e p  is to express each of the UCM responsibilities placed on the 

instance axis of the different basic MSC skeletons in terms of a sequence of messages and 

actions. We also define the data associated with messages in message data boxes. 

In Figure 49. an example of message sequence definition in an MSC is given. This MSC 

coIlStitutes a refinement of the basic MSC skeleton given in Figure 46. We observe. in this 

figure, rhat the niggexîng event (message-te 1 ) and resulting event (message-re 1 ) 

have both been connected to specific instances (components) in the MSC, which are 

respecùvely A and C. Nso. we observe that every responsibility illustrated in Figure 46 

has been expressed as a sequence messages and actions. 



Chapter 3 .  RT-TROOP Modeling Process 

FIGURE 49. Description of message sequence in MSC SI 

1 msc S l  
A B C 
= I l 1 

state 1 
v 

t 

In this figure. different types of responsibili'y refinement are illustrated. 

Responsibili~. r l  is expressed as a sequence of two messages (message1 and 

message2): one going fiom A to B: and one from B to A. 

Responsibility r2 is expressed as a message (message3) send fIom A to 6, foilowed 

bg the esecution of action al  by component 8, and completed by a message 

(message4) send by 6 to C. 

Responsibility r3 is expressed as a sequence of three messages (messages: 

message6 and message7) send benireen A and B. 

Responsibility r4 is expressed as a message (messageb) sent f?om B to C, followed 

by a cdl-return message exchange fiom C to A (message9 and message1 O). 

These o n l ~  illusnate some of the possible vpes of responsibility refinement. Other types 

of refinement are also possible. In particdar. MSC parallel composition and alternative 

inline expression can be used. 
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Standard communication patterns could also be plugpd in the basic MSC skeleton to pro- 

vide the detailed level communication mechanisms that are required to enable inter-com- 

ponent communication. ;\n example of such design patterns is given in[22]. 

Data Definition 

In RT-TROOP: the data objects associated with inter-component messages are specified in 

the specification MSC modeling phase. The data information defined here will later be 

used in the ROOM smicture modeling phase (section 3.7-3) to define the different proto- 

col classes. In the RT-TROOP. the data objects associated with the different messages are 

descnbed in message data boxes associated with MSCs (Message Data Box are defmed in 

section 2.3.3). 

.h example of data d e f ~ t i o n  in a specification MSC is given in Fi,we 49. In this MSC! 

two messages involving data are defmed: message-tel that involves a data object of 

type Tl,  and message5 that involves a data object of type T2. 

3.6 Specification MSC Modeling 

The objectives of the specification MSC modeling phase is to integrate the set of new 

specification MSCs defined in the transition between UCM and MSC in the specification 

MSC model of the systern, and to add new elements to the MSC model. There are two 

main inputs IO this modeling phase: the set of new specification MSCs produced in the 

transition between UCM and MSC, and the existing specification MSC model (i.e. the one 

produced in the previous iteration). The output is a new version of the specification MSC 

model. The specification MSC modeling phase is highlighted in Figure 50. 
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FIGURE 50. Specification MSC modeling phase 

STD modcl cl . UCM mode1 , 

3.6.1 Modeling Activities 

The abstraction mechanisrn play a very important role in the modeling of complex real- 

t h e  system. This mechanisrn consists in considering only a subset of the system elements 

at each level of abstraction. Thus, details are progressively added to the system models as 

we move from requirements, to hi& ievel rnodels? to detailed level models, to implemen- 

tation. In the specification MSC modeling phase' details with respect to components 

(instances). messages, and system States (conditions) are added to the system model. The 

level of details is increased by adding new elements or by refining existing ones. 

The modeling activities that may be cmied out in the specification MSC modeling phase 

includes the following: 

Introduction of new components 

Decomposition (or refmementj of existing messages into a set of more detailed ones 

Definition of new system aates (MSC conditions) 

Restructuring of the MSC mode1 
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Definition of new components 

When designhg real-time sysrems, new system components ofien need-to be introduced in 

the system as we move towards implementation. In the context of RT-TROOP modeling , 

the UCM model constinites the high level model of the system. This model only contains 

the main components of the system. These components correspond to entities, or objects, 

that play a significant role in the conte?ct of the hi& level scenarios descnbed in the 

UCMs. However? as we move towards a ROOM detailed level model, new components 

usually need to be introduced. These new components may result fiom the decomposition 

of already existing components. They may aiso correspond to entities, or objects. that 

were not important in the context of the UCM high level modeling? but that need to be 

introduced in detailed level rnodeling. 

In RT-TROOP modeling, detailed ievel cornponents are introduced at the MSC Ievel. and 

more precisely in the specification MSC modeling phase. 

.An example of MSC component decomposition is given in Figure 5 1. This fiwe illus- 

mates the generation of a MSC fiom a UCM map, followed by the decomposition of corn- 

ponent C2 in the MSC. The MSC model elements introduced by the component 

decomposition are highiighted in the figure. For the sake of clarity, we did not represent 

the initial and terminal m e  conditions in the MSC, 
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FIGURE 51. Component decomposition in MSC model 

UCM SI 
1 Systern 1 

1 msc S1 

Message Decomposition 

Similarly to system components, inter-component messages often need to be decomposed 

into sequences of more detailed messages as we move down the abstraction Ievels. RT- 

TROOP modeling provides for message decomposition at the MSC level. 

There are different reasons for canying out message decomposition. In some cases, it is 

pureiy a question of abstraction, where a message defined in a previous version of the 

model needs to be refined to refiect the increasing level of details of the system models. 
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For example, what is considered to be a single message sent from one component to 

another early in the design process may later need to be replaced (or implemented) by a 

sequence of messages to satisfi sec- or robustness communication requirements. In 

other cases, messages need to be decomposed to satis. new requirements. 

.An example of iMSC message decomposition is illustrated in Figure 52. in this figure, 

each of the two messages exchanged between components C l  and C2 are replaced bp a 

sequence of three messages corresponding to the communication pro toc01 P rot1 used 

between the two components. 

FIGURE 52. Message decom position 

msc MSC 1 
, C l  
r i r 2 j  

- -- - 

msc Prot 1 
& 
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Definition of System States 

Systern nates are represented in MSCs by means of conditions (see defuiition in 

section 2.3.1 ). In MSC models, conditions provide the mechanism by which MSCs can be 

combined into larger MSCs. The definition of every HMSC and basic MSC must contain 
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the specification of both a precondition (also cailed initial condition) and a postcondition 

(also called end condition). In cases where the specification of a condition is missing, this 

condition is implicitly considered to be TRUE. 

In the transition between UCM and MSC, ody  the preconditions and postconditions asso- 

ciated with related path sets have been defined. At the MSC level. this means that the pre- 

condition and postcondition of the HMSCs have been cornpletely specified. but only the 

precondition of basic MSCs containing wiggering events' and the postcondition of basic 

MSCs containing resultiog events have been defined. 

In this modeling phase, the precondition and postcondition of basic MSCs may be speci- 

fied in terms of system states. They may also be lefi to be defined in the Component 

Behavior Modeling in MSC modeling phase (section 3.10). Also, other intermediate sys- 

rem states may be specified in the basic MSCs as required. 

MSC Restructuring 

In this modeling phase, the specification MSC mode1 rnay also be restructured. MSC 

rnodel restnicniring rnay be required for several reasons such as ro increase remabilin;. or 

to decompose MSCs that have become too large over the iterations in simpler ones. 

.ei example of YSC restnicniring is given in Figure 53. In th is  example, MSC mscl 

given in the left side of the figure is restmctured. The restructuring is done in two phases. 

First, a new MSC, labeled msc2 containing messages m3. m4? m5 is defmed. Second, 

messages m3, m4? m5 of MSC mscl are replaced by an MSC reference to the newly 

dehed MSC msc2. The main advantage of this type of restrucnuing is that it diows for 

the reuse of the newly created MSC. 
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FIGURE 53. MSC restructuring 
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3.7 From MSC to ROOM Structure 

The ROOX.1 structure modeling phase makes the transition between the specification MSC 

model and the ROOM structure model. The objective of this phase is to defme a set of 

ROOM role structures on a per scenario (or related path set) basis. The input of the nansi- 

tion is a new version of the specification MSC model, and the output is a set of ROOM 

role suucnires. The transition fiom MSC to ROOM structure is highlighted in Figure 54 in 

the contest of the overall RT-TROOP modeling diagram. 



Chapter 3. RT-TROOP Modeling Process 

FIGURE 54. Transition from M C  to ROOM structure 

In this section, we: 

h a l y z e  the overail relationship that exists between ROOM models and MSC models. 

Descnbe the generation of a ROOM structure model fiom a MSC model. 

Describe the definition of ROOM role smctures fiom .MSCs. 

3.7.1 Relationship between ROOM Mode1 and MSC Models 

MSC and ROOM are two modeling techniques that primarily rely on inter-component 

communication. They describe systems as communicating state machines. The model the. 

produce are rnainly composed of components, states and messages exchanged between 

components. However, these two modeling techniques signifïcantly differ with respect to 

the two following aspects: 

Modeüng focus. MSC is a scenario-centric modeling technique that describes scenar- 

ios at the level of inter-component communication. It describes syaems on a per sce- 

nario basis. A MSC model is composed of a set of MSCs, each of which describes a 

possible sequence of messages (and interna1 actions) exchanged between system corn- 

ponents and between the system and its environment. MSC models can be used as a 

specificatioa for more derailed models. 
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On the other hand, ROOM is a component-centric detail level modeling technique. It 

aims at describing system stnicture and actor behavior in the context of the overall sys- 

tem, i.e. in the context of a set of different scenarios. Thus each'actor in a ROOM 

model is responsible for the execution of a set of system responsibilities that may be 

part of many different scenarios. 

The modehg focus difference between MSC and ROOM can be summarizcd by Say- 

hg that saying that MSC is scenario-driven. while ROOM is component-driven. These 

constitute two orthogonal views of real-the sy stems. 

Level of detaüs. MSC models descnbe systems in tems of components. States, mes- 

sages, and intemal actions. These model elements are atornic in MSC; they are simply 

descnbed by means of an identifier. The fact that MSC does not require a detailed 

description of the different model elements allows a designer producing systern models 

that are independent of implementation. 

On the other hmdt ROOM uses two different levels of modeling: a schematic level at 

which system structure and actor behavior intemal logic are defmed, and a detail level 

at which model elements such as communication protocol, (transition! en- and exit) 

action code, and fünctions are defined at the level of programming languages. The fact 

that ROOM uses a p r o - m g  language at the detail level facilitate the transition 

between ROOM rnodels and implementations. It also maintains a complete traceability 

between ROOM models and implementations. 

schematic view of the relationship between MSC and ROOM is given in Figure 55. 

This figure illustrates the fact that when moving ftom MSC to ROOM, modelers have to 

consider dl the different MSCs, and that any given ROOM actor can be involved in the 

execution of severai different MSCs. When making the transition fkorn MSC to ROOM, 

modelers must ensure that the resulting ROOM model satisfies the whole set of MSCs. 
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FIGURE 55. Relationsbip betweeo MSC and ROOM 

MSC Model 

In order to analyze the conceptual relationships between MSC and ROOM elements. we 

separately consider structure (section 3 J.2)  and behavior (section 3.1 1 . 1  1. In these sec- 

tions, the diagram of Figure 55 will be refined ro reflect the structure and behavior rela- 

tionship b e ~ e e n  UCM and ROOM. 

3.7.2 Generation of a ROOM Structure Model from a MSC Model 

In real-time system development, structure modeling requires the definition of  

Components 

Component interfaces 

Inter-component communication links 

System stnictures are described in MSC by means of a set of components and a set of mes- 

sages exchanged between components. At the MSC level, component interfaces and inter- 

component communication links (or channel) are not explicidy defmed. They are lefi out 

to be debed  at a more derailed modeling level. 

In ROOM, a system structure is described in terms of a set of acton and a set of con- 

mctsl'. Also, each ROOM actor is defineci, at the structure level, by means of a set of for- 
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mally defmed interface components, called ports, that specie the set of messages that can 

be send and received by the actor on a given port. 

In the RT-TROOP modeiing process, a ROOM structure rnodel is produced fiom a set of 

MSCs. In order to reduce the complexity associated with the definition of -stem stmc- 

tures involving a large number of scenarios (MSCs) and components. we proceed in two 

steps: 

1. Definition of role structures 

This step consists in defining smictures on a per scenario (or related path set) basis. We 

cal1 such smctures role smctures because they only involve pans of the elernents that 

compose the overail system structure. This way, only subsets of the system scenarios 

and components are handled at once. 

The definition of the role smictures is the objective of the current modeling phase (tran- 

sition fIom MSC to ROOM structure). 

2. Definition of a global system structure 

This step consists in defining a global system structure that integrates ail the role stnic- 

tures . 

The defuiition of the globai system structure is carried out in the ROOM structure mod- 

eling phase (section 3.8) 

These two steps are illustrated in Figure 56. This figure illustrates the relationships that 

exist between MSCs and ROOM role structures, and between a set of ROOM role stmc- 

mes and a ROOM global smcture. Components that compose role structures are cailed 

roles. That is because fiom a system point of view, the components defined in the MSC 

model represent a set of roles that need to be filled in the system implementation. In 

ROOM, roles are modeled by means of acton. 

14.A contract consists of a binding (inter-component communication link) and a pair of ports (interface 
components) that it connects 
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In the first step, i.e. the one between MSCs and ROOM roIe structures, one role structure 

is defmed for each MSC contained in the specification MSC model. -4 ROOM actor is cre- 

ated for each MSC components, and MSC messages are packaged info a set of prorocol 

classes that are afterwards used to defme actor pons. ROOM bindings are also defined to 

connect pairs of ports. In Figure 56, we observe that the information contained in the 

HMSCs is not used in this phase. That is because HMSCs contain no information concem- 

h g  system smcnire. Al1 the idormation required to produce a ROOM role structure from 

an MSC mode1 is contained in the sets of basic MSCs. 

In the second step, Le. the one between ROOM role structures and a ROOM global smic- 

nue. a set of cornmunicating ROOM actors is defined to filled the roles defined in the role 

structures. When making the transition between a set of role smctures and a global system 

structurel rnodelers must ensure that d l  the roles defmed in the role structures are filled by 

actors in the system structure. One actor in the global structure may fil1 several roles, and 

the set of roles filled by an actor do not need to be in distinct role stmctures. -4 single actor 

may play two or more d e s  in a single role structure. For example. actor A l  in Figure 56 

may fil1 roles Rolell, Role14. RoleZs, R ~ l e ~ ~ ,  Roled2, R ~ l e ~ ~ , a n d  Rolen2. and actor A2 

may filled a single role Rolen1 . 
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FIGURE Sb. Relationship between MSC and ROOM structure 

Specification MSC Model 

In practice, the definition of a ROOM role structure is not required. The modeler may 

decide to skip this step, address the whole set of scenarios and components al1 at once. and 

directly produce the global ROOM structure of the system without any l o s  of ngor in the 

overdl modehg process. ïhe  reasons for using or not using role structure modeiing 

depends on the number and complexity of the scenarios and components that compose the 

system, and on the experience of the modeler. However, if defmed role structures can be 

reused in other systems. 

3.7.3 Definition of ROOM Role Structures from MSCs 

The objective of this step is to defme a ROOM role structure that enables the execution of 

the message sequences defined in the specification MSC rnodel. .At this stage, one role 

structure is defined for each MSC contained in the specification MSC model. 

.A ROOM smcture is composed of a set of actors and a set of contracts that enables com- 

munication between acton. In this Sep, we establish a one-to-one relationship benireen 

MSC components (instances) and ROOM actors. Thus, the set of ROOM actors can be 
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automatically generated fkom MSC. Conseq~ently~ the only mode1 elements that remain to 

be defined by designers at this stage are contracts. The definition of a contract requires the 

definition of a pair of ports and a binding. 

ROOM role structure defidion is conducted in four sreps: 

1 .  Definition of actors 

7. Identification of inter-cornponent communication 

3. Definirion of protocol classes 

4. De finition of contracts. 

In the follouing sections. we discuss each of these three neps. 

For a given MSC. several different structures can be defmed. The choice of a particular 

structure among possible ones constitutes a design decisions that is based on different cri- 

terion. such as performance and reuse. At this stage. different design alternatives may be 

investigated. Also. this step provides an excellent opportunity for reusing existing struc- 

tures. contracts and standard hi&-level s ~ c t w a l  patterns [XI. 

3.7.3.1 Definition of Role Actors 

The first thing that m u t  be done when definhg a ROOM structure is to defme the set of 

acrors chat compose the system. In the definition of the role structures, we define the set of 

role actors. 

In R00hl .  the definition of an actor requires the specification of the class of the actor and 

the specification of the properties of the actor. The actor properties that must be specified 

are the replication factor! if it is different that one, and the structure dynamics properties15. 

1S.The smicnue dynamics aspect has been left out of the thesis. in termç of structure dynamics properties, a 
R00M actor is either futed, optionaI, or imponed. It can &O be substitutable. See [93] for more Soma- 
tion on this topic. 
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In the transition between MSC and ROOM structure, we define a ROOM role actor for 

each instance contained in the MSC. In Figure 57, the set of ROOM role actors that corre- 

sponds to the MSC model of Figure 49 are defmed: role actor A of class classA, role actor 

B of class classB, and role actor C of class classC. The replication factor of these actors 

is implicitly one. 

FIGURE 57. Definition of role actors for MSC S1 

3.7.3.2 Identification of Inter-Component Communication 

In this step, we ident@ the pairs of components that cornmunicate together in MSCs, and. 

for each pair, we idenUQ the set of messages involved in the communication. To help 

doing that, we use communication diagram. A communication diagram is composed of: a 

set of system components, a set of unidirectional communication arrows between these 

components? and a set of messages associated with each communication arrow. In RT- 

TROOP modeling, these diagrams are used to graphicaily display the required cornmuni- 

cation between system components in the context of the component context diagram. The 

information contained in communication diagrams can be automatically generated fiom 

the specification MSC model. 

In the RTTROOP modeling process, this step is intended to be completely automated. 

Therefore, communication diagrams do not constitute yet an other type of models that 

need to be produced by designen. Such diagrams are automatically generated to help 
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designer synthesize the information that is required to define the communication proto- 

cols. 

In Figure 58, an example of communication diagram is given. This diagram illustrates the 

different messages involved in the MSC mode1 of Figure 49. In this figure, we identify 

seven sets of inter-component communication. These are illustrated in Figure 58 using 

black arrows and are labelled fÎom 1 to 7. The messages involved in each of the communi- 

cation arrows shown in this figure are descnbed at the top right corner of the figure. The 

direction of the arrows illustrates the direction of the message sending. For example? 

arrow 2 describes the messages send by componrnt A to component B, while arrow 3 

describes the messages sent by component 6 to component A. The fact that there exists 

rwo arrows between a pair of components does not mean that we need to defme two differ- 

ent contracts. We may defme a single duplex conuact. 

FIGURE 58. Communication diagram for MSC SI 

1 System a message-te i a messagel. messape3. message5 and message 7 a messase2 and message6 
) a message4 and message8 a message1 O 

@ message9 a message-re 1 

3.7.3.3 Define Role Protocol Classes 

As described in section 2.4.2, ROOM protocol classes are mainiy dehed in ternis of a set 

of incoming messages and a set of outgoing messages. The objective of the current step is 

to defme a set of protocol classes that will be used to define a ROOM role structure for a 

given MSC. 
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In order to defme these protocol classes, the information contained in the communication 

diagram is used. Here, the work of the designer consists in grouping sets of related mes- 

sages into protocol classes. The number of protocol classes defmed and the grouping of 

messages into protocol classes constitute design decisions. 

The protocol classes defmed in diis step are caiied role pro~ocol classes because they are 

defined in the context of a ROOM role structure, i.e. on a per MSC basis. Later, when the 

global ROOM structure of the system is defined, the protocol classes defined here will be 

used to defmed the final protocol classes. These final protocol classes will be obtained by 

merging severai role protocol classes. 

In the current example, five new protocol classes are defined. These classes are given in 

Figure 59. In this case, we took the decision to group the messages in protocol classes in 

such a way that oniy one contract will be defmed between each pair of communicating 

components. Also, a single protocol class will be used to defme the two ports involve in a 

same contract, i.e. one port will be the conjugated version of the other one. 

At this stage: existing protocol classes can also be used instead of defining new ones. 

Xso, if there are data associated with messages, the ROOM data classes are defined in 

this step. Once defined, the data class information is added to the messages in the protocol 

class. In the role protocol classes of Figure 59. the data classes T1 and T2 defined in the 

MSC of Figure 49 have been respectively added to messages message-tel and 

messages. 
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FIGURE 59. Definition of tbe role protocol classes 

m 
(in: ({rne~sage~cel: Tl ) ) {in:{ (messagt3). (message8) ) j 
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Protocol Class ProtAC 
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{in:((rnessageI ) , (message3 ), (messagej; 

3.7.3.4 Definition of the Role Contracts 

T5), (mc'ssage7) ) 
out: { (rnessage2). (rnessage6) ) 
1 

Once a set of role protocol classes is defmed, we use these classes to defuie the set of con- 

tracts that are required to enabk the execution of the message sequences defined in the 

specification MSC model. This set of contracts together with the set of components form 

the ROOM role structure associated with a particular MSC. 

{in: {{messagcrel ) ) 
1 

In Fieme 60, a ROOM role srnienire is defined for the MSC of Figure 49. In this figure. 

the ports are labelled with identifies of the fom: 

For example, port p l  a is the port 1 of component A. The bindings are labelled b l  , b2, b3, 

b4 and b5. Also, we identi@ five diEerent contracts: (bl , {p l  s, p l  a)), (b2, {p2a, p l  b})! 

(b3, {p2b, ~ Z C } ) ,  (b4, {p3a, PIC}) and (b5, {p3c, ~2s)). In practice. more expressive 

names should be used. 

Since the binding identifier is unique for each smicnire level, we use it as contract identi- 

fier. Thus, we Say that cornponent A and component B comrnunicate together using con- 

tract b2. 
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On the right side of Fi,we 66, a relationship between contracts and protocol classes is 

established. This reiationship shouid be read as follows: the ports that are part of the con- 

tract identified ar the tail of the arrow are instances of the protocol class identified at the 

head. For example, the relationship between b2 and ProtAB means that the two ports that 

compose contract b2, i.e. p2a and p l  b' are both instances of the protocol class Pro- 

described in Figure 59. 

FIGURE 60. Definition of ROOM role structure for MSC SI 

/ System 1 
Relationship between 
Contracts and Protocol Classes 

Contract Protocol Class 

I b5 ProtCExt ' 
I i 

The pair of ports that are linked together in a contract, e.g. p2a and p l  b in Figure 60. must 

be compatible, i.e. the set of outgoing messages defined in one port must be contained in 

the set of incornhg messages of the other port. In the curent example, we make sure that 

this mle is respected by using the same protocol class to define both ports, and by making 

one a conjugated For example, p2a and p l  b are both instances of the protocol 

class ProtAB and port p2a is defmed as a conjugated port. 

16.We recall that a pon p 1 is a conjugaed version of a protocoi class C 1 if the messages defined in pon p 1 
aïe the "inverse" of the ona defined m C 1, Le. the hcoming messages of p i corresponds to the otngoing 
messages of C 1, and the outgoing messages of p l  corresponds to the incoming messages of C 1.  Conju- 
gated ports are pphicaUy represented by white filled squares, while unconjugared ports are black filled. 
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3.8 ROOM Structure Modeling 

In the transition fiom MSC to ROOM mucture, a set of role stnicnires have been defined. 

The objective of the current step is to defme the overail ROOM structure of the system by 

integrating al1 the role structures previously defined. We cal1 this structure the global 

ROOMsnucrure of the system. The inputs of this modeling phase are a set of new ROOM 

role structures, and the existing global ROOM structure model of the system. The output 

is a new version of the global ROOM structure model of the system. The ROOM structure 

modeling phase is highlighted in Figure 6 1. 

FIGURE 61. ROOM structure modeling 

STD modcl 

To produce the global ROOM structure, we need to define: 

1. The set of system acton (the actors are defmed in lems of the set of roles they play in 

the overail system) 

2. A set of system protocol classes 

3. A set of system contracts 

In the following sections, we discuss each of these three steps. 
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To illustrate the structure integration steps? we use, as an abstract example, the two role 

structures given in Fieure 62. In the following sections, we show how role structures RS1 

and RS2 can be integrated in a global stmcnire. A concrete example will be discussed in 

Chapter 5. 

FIGURE 62. ROOM role structures RS1 and RS2 

Rehoonshrp bcwccn 
Contrxts md Pmtocol Classes 

- RotRS 1 i 
M - 2otRSI- 

{in: {{m2}, {m3}) 
! Protocol C I ~ Z K X S ~  

1 i 
1 Protocoî ~lrss~m 

{in: ({rni2;.  { m t j l l  l 

3.8.1 Definition of Final Actors 

As previously discussed, the different actors dehed in the role structures can be viewed, 

from a system point of view, as conminhg a set of roles that need to be filled by compo- 

nents in the final mode1 of the system. In this step? we define the set of system actors and 

assign a set of roles to each of them. At this stage, existing actor classes ma? be used to fiU 

roies. or new ones may be defhed. The resulting acton constitute the main nui-time corn- 

ponents of the system. 
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In Figure 63, we defme a set of four system actors that integrates the two role smmures 

RS1 and RS2: actor A that play the role of actor A in RS1 and the role of actor D in 

RS2, actor B that plays the role of actor B in RS1, actor C that plays the role of actor C in 

RS1, and actor E that plays the role of actor E in RS2. 

At this stage? the class and properties (optional, structure dynamics properties) of the 

actors must also be specified. In Figure 63- the class of actors A. B, C? and E are respec- 

tively classA, classB. classC, and classE. 

FIGURE 63. Definition of system actors 
P j System 
I K-- l  r l 

I L  
role RSlA 

' classC 

i role RS1.C; 
role RS2.D 

role RS1.4 role RS2.E 

3.8.2 Definition of System Protocol Classes 

The objective of this step is to define the set of system protocol classes1'. In this step, the 

role protocol classes defined in the previous step m u s  be grouped into more general pro- 

toc01 classes. The set of role protocol classes that are relevant to a particuiar actor is the set 

of role protocol classes that are used in the different roles assigned to the actor. 

17.These protocol classes are called system proroc02 classes because they are the ones that appear in the $O- 

bal ROOM Structure mode1 of the system. 
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.kt th is  stage, designers may either decide to reuse existing protocol classes, or they may 

define new ones. The choice of defining a new protocol class or of using an existing one 

constitutes a design decision. 

In the context of our exarnple, we defme six new protocol classes. These protocol classes 

are described in Figure 64. In this example, we decided to goup protocol classes 

ProtRS 11 and ProtRS2 1 into a single protocol class ProtSptl. In the case of the other 

sysrem protocol classes, there exists a one-to-one relationship with the role protocol 

classes in the following way: ProtSyst2 corresponds to ProtRSl2, ProtSyst3 corre- 

sponds to ProtRS13, ProtSyst4 corresponds to ProtRS14, ProtSyst5 corresponds to 

ProtRS22, and ProtSyst6 corresponds to ProtRS23. 

FIGURE 64. Definition of system protocol classes 

3.8.3 Definition of System Contracts 

Protocol CIass ProcSyst3 

Once the sets of system actors and protocol classes are defined, the last step consists in 

defining the set of systern contracts. To achieve this, we need to defme the set of actor 

Protocol Class ProtSyst6 

ports18 as instances of the system protocol classes, and link them in a way that is consis- 

{in: ({rns). {m6)) 1 {in:{{ml2).  {m13}} 

i 
i } 

j 

18. SAP-SPP inter-actor communication can also be defined as an akemative to port-binding communica- 
tion (see Layer Connections in section 2.42 for dennition of SAP-SPP communication). 
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tent with the linkage of the role structures. At the end of this step, the definiuon of the glo- 

bal ROOM structure of the system is completed. 

In Figure 65, we define the set of contracts for our example system. As in the previous 

ROOM stnicnire models, the relationship between contracts and protocol classes is 

described in the box beside the structure modei. We observe that the resulting global 

ROOM structure of the system is consistent with the role stnictures RS1 and RS2. The 

messages exchanged between role actors in the role smctures can also be exchanged in 

rhe global structure between the actors that play these roles. For example. in role structure 

RS2 messages mg, m l0  and m l  1 can be exchanged between role actor D and E. In the 

4obal structure. these messages can also be exchanged between actor A. that plays the E 

role of actor D in RS2 (RS2.D), and acror E. that plays the role of actor E in RS2 

(RS2.E). 

FIGURE 65. Definition of system contract. 
Relationship between 
Contracts and Protocol Ciasses 
r 

Contract Protocot Class 
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3.9 Addition of ROOM Structure Information to the 

MSC model 

In RT-TROOP modeling, the role of the MSC modeling technique is to smooth the transi- 

tion between a high-level scenario mode1 and a detail-level ROOM model. In order to 

achieve this, the specification MSC model produced in the specification MSC modeling 

phase needs to be cus~omized for a specific ROOM model. This cusrornizing is done by 

adding ROOM structure information, and by introducing component state information to 

the different WSC components. 

The objective of the current step is to add ROOM structure information, defined in the 

ROOM structure modeling phase: to the MSC model. This resuit in the creation of a new 

MSC model called the customized MSC model. While the specification MSC model is 

defined independent- of any ROOM model, the customized MSC model is a cusromizing 

of the specification MSC mode1 that is defhed for a specific ROOM rnodel. The inputs of 

this modeling phase are the ROOM structure rnodel for which designer wants to custom- 

ize the MSC, the specification MSC model, and the existing customized MSC model. The 

output is a new version of the customized MSC model that is complete with respect to 

ROOM structure i n f ~ n n a t i o n ~ ~ .  This phase is highlighted in Figure 66. 

19.The customized MSC model as a whole is not complete until component behavior information bas been 
added (see section 3.10). 
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FIGURE 66. Customization of MSC madel 

STD modcl i 

The definition of the custornized MSC rnodel is conducted in two modeling steps: 

1. Addition of ROOM Structure Information to the MSC Mode1 

This modeling step consists in adding the ROOM structure information (defuied in 

section 3.7.3) to the specification MSC model. 

2. Component Behavior Modeüng in MSC 

This modeling step consists in introducing component behavior elements, such as com- 

ponent States and state transitions, in the MSC model of the system. This modeling 

phase is described in section 3.10. 

Addition of ROOM Structure Information to the MSC Mode1 

Linking MSC Instances to ROOM Acton 

In the specification MSC modef, components (or instances) are simply defineci by means 

of an identifier. There is no relationship with concrete system components or classes. In 

order to custornize the MSC for a specific ROOM structure, links between MSC compo- 

nents and R00M actors must be def'uied. 
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Adding Port Information to  Messages 

In the specification MSC model, messages are dehed  in tems of a message identifier and 

an optional message data object type. However, in ROOM, a message also needs to be 

specified in tems of a port (or contract) identifier by which the message is sent. Thus. we 

need to add contract information on each message arrow in the MSC rn~del'~. 

Example 

In Figure 67, an example of the result of adding ROOM structure information to a MSC 

model is illustrated. The MSC S1 illustrated in this figure is obtained by adding R00h.1 

structure information of Figure 60 to the specification MSC of Figure 49. In this figure. 

each MSC component has been linked to a specific actor in the ROOM strucnire: MSC 

component A is linked to actor A, MSC component B is linked to actor B, and MSC com- 

ponent C is linked to actor C. We also observe that, on each message arrow? the contracr 

used to exchange the message is specified. In this case, the contracts correspond to the 

ones defined in the role structure of Figure 60. Also, we observe that the contract is not 

specified on the reply message anow (messagel O) of the invoke (message9) cal1 made 

by component C. That is because the semantics of an invoke message is such that the reply 

message is impiicitly sent back using the same contract as the invoke message. 

2O.As discussed in Chapter 2.4.2, contract identifiers are used to specify ports on message arrows. 
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FIGURE 67. Description of message sequence in MSC S1 
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3.10 Component Behavior Modeling in MSC 

The objecti1.e of this modeling phase is to introduce cornponent behavior elements such as 

componeni States. transition actions, and entry and exit actions in the customized MSC 

model of the system. This way. designers can focus on the definition of cornponent behav- 

ior on a per scenario bais before starting ROOM actor behavior modeling, in which the 

beha~ior of each actor needs to be completely defmed at the detailed level. In this sep, 

only the behavior related to the execution of a single MSC is defined. The input of this 

transition is Lhe new customized MSC mode1 (defhed in section 3 3 ,  and the output is a 

new version of the customized MSC model. Ihe MSC behavior modeling phase is high- 

lighted in section 68. 
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The MSC model produced at the end of this step c m  be used for the venfication of the 

final ROOM model. 

FIGURE 68. Component behavior modeling in MSC 

S I D  model 

Modeling Ac tivities 

In order to facilitate the definition of component behaiior. the following component 

behavior information may be btroduced in the customized MSC model. 

Decomposition of System States 

In the specification MSC model produced in the specification modeling phase 

(section 3.6): each MSC contains a set of system states. In order to make the transition to 

component behavior, these states need to be decomposed and expresses as a set of compo- 

nent states. 

Definition of Component States 

In order to innoduce detail-Ievel elements in the MSC model it is important to emphasize 

the fact that ROOM does not provide any receive statement that can be used in transition 

actions. An incornhg message can ody  be fiandled while being in an explicit nate. For 

this reason, a state needs to be specified before every incoming message arrow in MSCs- 

unless the incoming mow is part of a call-return (uivoke) message. 
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Transition Triggering Messages 

The incoming arrow located below a state on a component timeline corresponds to the 

trigering message of the transition. 

Transition, State Entry and State Exit Actions 

The set of outgoing messages placed between the triggering message arrow and the next 

state are by default considered to be part of the transition actions. If the designer wants to 

eroup some of these message arrows in state entry or exit actions, s/he has to make rhis 
C 

decision explicit in die customized MSC by using proper notation. We identify messages 

that are part of a state e n w  actions by linking them to an enny action icon2* ( [B ) placed 

on the instance axis of the message sender h e d i a t e l y  before a state, and messages that 

are part of a state exit actions by linking them to an exit action icon ( B( ) placed on the 

instance a i s  of the message sender immediately afier a state. -4.n example of en- action 

specification is given in Figure 69. 

Example 

An example of component behavior modeling in MSC is illustrated in Figure 69. We 

observe that in this customized MSC model, the information related to UCM responsibili- 

ties has been completely removed. That is because at this stage this information is no 

longer relevant. 

21 .The MSC entry action icon and exit action icon are not pan of the standard MSC notation. They are used 
in the RFTROOP modeling process to specie smte entry and exit actions in customized MSCs. 
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FIGURE 69. Description of message sequence in MSC S1 
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3.11 From MSC to ROOMChart 

The objective of the transition fiom MSC to the ROOMChart is ro defîne ROOMChart 

role behavior state machines on a per component/scenario basis, i.e. for each MSC, a 

ROOMChart role behavior is defined for each component involved in the MSC. The input 

to this transition is a customized MSC mode1 that contains both structure and component 

behavior information, and the output is a set of ROOMChart role behaviors. The transition 

between customized MSC and ROOMChart is illustrated in Figure 70. 
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FIGURE 70. Transition from customized MSC model to ROOMChart model 

In the current section, we: 

.4nalyze the relationship that exists benveen ROOMChm models and MSC models. 

and descnbe the steps used in RT-TROOP to define a ROOMChart model 

Described the steps used to define a ROOMChart role behavior model from a custom- 

ized MSC model. 

3.1 1.1 Generation of ROOMChart Models from Customized MSC 

model 

MSC and ROOM are two modeling techniques that describe component behavior by 

means of state machines, Le. in ternis of component States and transitions. However. these 

rwo modeling techniques significantiy dBer with respect to two aspects: 

Flat state machines vs. hierarchical state machine. in MSC models, the description 

of component behavior is limited to flat state machines. Mso, MSC does not explicitiy 

define transitions; al1 messages and actions located between two m e s  are hplicitly 

considered to be part of the transition actions. 

In ROOMChart models, component behavior may be suuctured and modeied using 

hierarchical state machines. This allows simpiifying the design and maintenance of 

complex component behavior. 



Chapter 3. RT-TROOP Modeling Process 15 1 

Level of detail. In MSC, component behavior is described in terms component states, 

messages send, messages reccived, and intemal actions. These model elements, which 

are considered atomic in MSC, are sirnply described by means of an'identifier. 

In ROOM, actor behavior modeling involves two different level of description: a high 

level at which actor behavior is dehed  in terms of states and transitions, and a detailed 

level at which transition actions, entry actions, exit actions, and functions are described 

at the level of programming languages. This allows separating the intemal logics of 

actor behavior fkom the programming details. 

In RT-TROOP, the design of ROOM behavior models proceeds in two steps: 

1. Definition of role behaviors. As in the case of ROOM stnicture definition, when mak- 

ing the transition between MSC and ROOM behavior, we may start bu defining behav- 

ior on a per MSC bais before working at the global level. We cal1 the resulting 

behavion d e  behaviors, because they correspond to the behavior of role actors 

defmed in the ROOM role structures. Role behaviors are defmed by means of flat state 

machines. This sep is descnbed in the next section (section 3.1 1.2). 

2. Integration of the role behaviors into component behaviors. In order to obtain the 

overall ROOM model of the system, the set of role behaviors defined in the previous 

step mut be integrated into a set of component behaviors. Component behaviors are 

defined by means of hierarchical state machines. This step is carried out in the ROOM- 

C hart modeling phase (section 3.12). 

These steps are illustrated in Figure 7 1. 



Chapter 3. RT-TROOP Modeling Process 

FIGURE 71. Relationship between -MSC and ROOM behavior 
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3.1 1.2 Definition of Role Behaviors 

In the context of RT-TROOP modeling? the objective of the roie behavior rnodeiing s e p  is 

to define a ROOiMChart mode1 for each component defined in the customized MSC 

model. 

This phase involves two different levels of modeling: the schematic (state machine) level 

and the code (prograrnrning language) level. 

Schematic Level 

At the schematic level, the definition of the ROOMChart state machine is conducted as 

follows: 

Each MSC condition is mapped onto a ROOMChart state. 

Each incoming MSC =essage is mapped ont0 a ROOMChart transition triggering mes- 

sage, unless the incoming message is part of a cd-retum (invoke) message in ~vhich 

case it corresponds to the reply message associated with the call-rem. 
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Each outgoing MSC message is mapped onto a ROOMChart message sending action. 

Each MSC component action is mapped onto a ROOMChart function call. 

Each message identified as an entry or exit action in a MSC is placed into a ROOM- 

Chart state entry or exit code. 

The set of outgoing messages, not already identified as state entry or exit action. and 

component actions located berneen two MSC States (conditions) are gouped into 

ROOMChart transitions. 

States and transitions in the ROOMChart mode1 must be connected in conformance 

with the MSC model. 

Code Level 

In customized MSC models, transitions! entry actions, and exit actions are only specified 

in tems of message idenrifiers and action labels". However in ROOMCharts. behavior 

models need to be formally described at the detail-level using programming languages? 

At this stage. designers must: 

Describe transitions, entry actions, and exit actions in code. 

Write the code in the transitions for data manipulation and irnplement the functions that 

correspond to MSC component actions. 

Define a ROOMChart function for each instance action defined in the MSC model; the 

function constinttes an implementation of the MSC action. 

lmplrment the data classes used in the definition of extended state variables or in data 

O bjec ts associated wîth messages. 

t2.A tesrual description of actions can also be provided in MSC models. 
13.R00M allows using any p r o g r h g  language at the detail-level. The ObjecTie Developer toolset 

[68], which implements the ROOM notaiion, allows using either C" or PL' a ROOM specific language 
based on a subset of Smailtalk. 
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An example of the generation of a ROOMChart state machine fiom the customized MSC 

of Figure 69 is iilustrated in Figure 72. In this figure the schematic part of the ROOM- 

Chart state machine is given. The state machine given in this figure is the one correspond- 

inp to component A in the MSC of Figure 69. 

FIGURE 72. ROOMChart state machine for component A 

statel 

% 
( statet ) 

The code of the different transitions of the state machine is defmed below. The program- 

rning laquage used in this example is RPL. 

ACTOR CLASS A 
BEHAVIOR( 

LANGUAGE 'RPL' 
FSM 

TRANSITIONS { 
DEFINE t1 

FROM STATE S 1 
TO STATE S2 
TRIGGERS 

(DEFINE SIGNALS {message-te l } ON { pmtExtA) ; ) 
ACTTON 
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{I I 
SEND procAB SIGNAL %message 1 
ENDSrni-D); 

DEFINE t2 
FROM STATE S2 
TO STATE S3 
TRIGGERS 

{DEFISE SIGNALS (message?) ON {proti\B) ; ) 
ACTION 

i i  1 
SEND protAB SIGNAL %message3 
ENDSEND); 

DEFINE tj 
FROM STATE S3 
TO STATE S4 
TRIGGERS 

{DEFINE SIGNALS (rnessap6) ON (prorAB 1 ; 1 
ACTION 

( 1  i 
SEMI protAB SIGNAL %message7 
ENDSEND) ; 

DEFINE t4 
FROM STATE S4 
TO STATE S5 
TRIGGERS 

(DEFïNE SIGNALS {messageg} ON {protAC);) 
ACTION 

{ ' 
REPLY %message IO ENDREPLY) : 

) !* end of zrunsitions in rop *,: 

The e n q  code of state S3 is defined as follows. 

DEFINE S3 
ENTRY ACTION 

{I I 
SEND p r o u  SIGNAL %message5 
ENDSEND) 
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3.12 ROOMChart Modeling 

The objective of the ROOMChart Modeling phase is to produce a compleré ROOhlChart 

component behavior for each actor contained in the global ROOM system smicnire. In 

this phase, the set of ROOMChart role behaviors deihed in the previous phase are inte- 

aated into the existing ROOMChart component behaviors. For this purpose. the scenario 
u 

relationship information contained in the K M  mode1 is used as a main input. Therefore 

the inputs of this phase are the existing ROOMChart component behaviors, ~e set of new 

ROOMChart role behaviors, and the UCM model. The output is a new version of the 

ROOMChart component behaviors that implement the set of STDs introduced ar the 

beginning of the iteration. The ROOMChart modeling phase is highlighted in Figure 73 in 

the context of the overdl RT-TROOP modeling diagram. 

1 M C  modd 1 

The definition of the ROOMChart component behaviors constinites .the end goal of the 

RT-TROOP modeling process. 
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Behavior Integration 

Designing the behavior of a component that p lay  roles in :veral different scenarios con- 

stitutes a complex design task. Several important aspects of red-the systems such as sce- 

nario concurrency and interactions, performance, robustness. reuse, maintainability. and 

extensibility need to be considered. Moreover, when we add the set of scenarios that are 

required to handle aspects such as control, configuration, maintenance and rob~stness~ the 

complexity of this task increases sipificantly. Then, even the design of a simple systern 

becomes no longer trivial when we add al1 these requirements. For t h i s  reason. it becomes 

important to defme design techniques, or patterns, that facilitate the definition of compo- 

nent behavior fiom a set of scenarios. This problern is addressed in the next chapter 

(Chapter 4). 

In order to properly defme component behaviors. it is not sufficient to understand the 

details of each scenario in isolation, but it is also required (crucial) to understand the rela- 

tionships between scenarios. It is as important to understand scenario interactions in sce- 

nario-centnc models as it is ro understand component interactions in component-centric 

models. In both cases, the overall system behavior emerges fiorn the interaction (or collab- 

oration) of entities. 

There currently exists, to our knowledge, no technique or pattern that allow defining corn- 

ponent behavior h m  a set of concurrent and interacting scenarios in a synematic and 

traceable rnanner. In the previous sections, we defined a set of modeling phases that d o w  

defining component behavior state machines on a per scenario basis. In this modeiing 

phase, we need to integrate a set of scenarios (or d e s )  in a single component behavior. 

Approach used in RT-TROOP 

In RT-TROOP, we take advantage of the modeling power of ROOMCharts hierarchical 

state machines to structure component behavior in a hierarchical manner. This allows the 
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grouping of related States and transitions in higher level ones to facilitate understandabil- 

ity, testing, maintenance, and mocMcation of complrx behavior. 

ui RT-TROOP modeling, behavior integration is considered to be creative task perforrned 

by the designer. In this thesis, we propose a set of design parterns that can be used by 

designers. 

Design patterns for behavior integration are defined in Chapter 4. .4 concrete example of 

behavior integraUon will be provided in Chapter 5. 

3.13 Adapting the RT-TROOP Modeling Phases to 

Concrete Cases 

In the previous sections of this chapter, the different phases of RT-TROOP modeling have 

been defuied and illustrated in a sequentiaf manner. However. the development of real- 

Ume systems is a complex process thar can not dways been carried out in such a linear and 

sequential m u e r .  As mentioned in section 3.2. the ordering and the content of the RT- 

TROOP modeling phases may differ depending of the name of the project (design con- 

text). The modeling phase ordering given in Figure 24 is only one possible o r d e ~ g  

sequence, which corresponds to modeling fiom scratch. 

ïhe  objective of this section is to show bat, although presented in a sequential manner in 

the previous sections of this chapter, the RT-TROOP modeling process is a flexible one 

that can adapt to different design contexts. For this purpose, we describe three concrete 

cases that are often encountered in induseid system development: reuse of existing corn- 

ponents, use of a requirement mode1 that contains MSCs, and reuse of existing design pat- 

terns. To illustrate the reuse of an existing pattern? the mediator pattern f?om [35] is used. 
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in this section, we first discuss on general modeling phase ordering issues that apply to 

any system development project (section 3.13. l), and then discuss the three specific cases 

previously mentioned (section 3.13 2, section 3.13.3, and section 3.13 4. In each of these 

sections, we fist describe the specsc design context? and then discuss its impacr on the 

different RT-TROOP modeling phases. 

3.13.1 General Process Issues 

In this section? we discuss general issues that relate to the ordenng and content of the dif- 

ferent RrTROOP modeling phases. 

Different Ways of Addressing Sets of Scenarios 

Even within an iteration, the RT-TROOP modeling process can be applied in an iterative 

manner. The set of scenarios that must be implemented by a designer may be addressed 

altogether or the scenarios may be addressed one-by-one. The two approaches are illus- 

trated in Figure 71 with a simple example in which two scenarios, SI  and S2, must be 

implemented. In the first case (Fieme 74 a): the designer addresses the scenarios as a set. 

S/he traverses the whole sequence of modeling phases considering the scenarios alto- 

oether, i.e. in each modeting phase, the designer addresses the whole set of scenarios. In b 

this case, each of die modeiing phases is executed exactly only once during an iteration. 

In the second case (Figure 74 b), a designer picks one scenario fiom the STD mode1 and 

traverses the whole modeling process before picking the next scenario. In this 

iteration that contains n scenarios is somehow transformed into n iterations each 

ing a single scenario. Therefore, each of the modeling phases is executed once 

scenario. 

case, an 

contain- 

for each 
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In both cases, the resdting set of models should be the same. However. the process used to 

integrate diem in the models is different. In the first case, scenarios are addressed sirnulta- 

neously during the iteration, while in the second case, they are addressed successively. 

FIGURE 74. Different ways of addressing sets of scenarios 

UCM model 

1 MSC mode1 1 
(S 1 and S2) 1 

ROOM rnodel / 
(S 1 and S2) / 

(a) altogether 

1 STD model 
1 (Si andSZj j 

UCM model A 

i ROOM mode1 ] 
1 W) 

1 
I 

/ MSC model 1 
9- 
ROOM model 1 

I 

I 

(b) one-by-one 

Component Behavior Modeling in the Specification MSC Mode1 

In the description of the RT-TROOP process, we placed the MSC component behavior 

modeling phase in the customized MSC model. The main reason for doing it this way is 

that component behavior information is not required until the transition fiom MSC to 

ROOMChart. So there is no need to defme it before. 

However. in practice. MSC component behavior modeling is very ofien conducted in the 

specification MSC model instead of in the customized MSC model. Component States are 

innoduced in the specification MSC to describe role behavior independently of the system 

model in which the roles will be integrated. 
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The RT-TROOP modeling process makes no distinction uith respect to where (and when) 

MSC component behavior modeling is conducted. It c m  be conducted either in the speci- 

fication MSC mode1 after the specification MSC modeling phase, or in the customized 

MSC model after the addition of ROOM stnicture information to the MSC model. 

A modified version of the RT-TROOP modeling process in which MSC component 

behavior modeling is conducted in the specification MSC mode1 is illustrated in 

Figure 75. The set of modeling phases illustrated in this diagram is the same as the one 

previously described, but the numbering (ordering) of the modeling phases is different. 

The MSC component behavior rnodeling phase is, in this case, conducted immediately 

after the specification MSC modeling phase. Also? the MSC behavior modeling phase is 

now Iocated in the specification MSC rnodel instead of in the customized MSC model. 

FIGURE 75. Component behavior modeling in specification MSC 

ROOM 1 mode1 i 

a From STD ro LCM a UCY rnodeling a From K M  to MSC 
@ Specifitcatcm MSC rnodcling a Component bebivior niodeling in MSC a ~ r o n i  wsc to ROOM structure MSC model 

a ROOM structure modehg a Adding ROOM structure informations to .MSC a From MSC tc ROOMChart 
@ ROOMChart rnodeling 

Using a Single MSC Mode1 

In the description of the RT-TROOP modeling process: we explicitly defined two different 

MSC models: the specification MSC model and the customized MSC model. 'This allows 
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to separately descnbe the MSC elements that cm be defined independently of ROOM 

models and the elements that are bound to a specific ROOM model. The main motivation 

for separately definuig specification MSCs is reuse. If separately defined. the specification 

MSC model c m  be reused with different ROOM models. 

However, most of the t h e  in practice, a single MSC model is defmed. This model, which 

is first defmed with specification MSC infonnation (i.e. instances, messages, actions. and 

system States), is progressively refined during die ireration to include component behavior 

information and ROOM structure information, 

When using the RT-TROOP modeling process, users rnay decide to use a single MSC 

model or to use both a specification MSC model and a customized MSC model. Users 

may even decide to separately define specification MSCs only for a subset of scenarios 

that they wish to reuse, and not defuie it for other scenarios. 

A modified version of the RT-TROOP modeling process is illustrated in Figure 76. The 

modeling phases described in this diagram. their ordering, and their content are exactly the 

same as the one previously used (Figure 34). The only difference between this diagram 

and the one of Figure 34 is that in this case a single MSC model is defmed instead of two. 
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FIGURE 76. Using a single MSC mode1 

1 MSC model 1 

STD mode1 

Adding ROOM m c n i r e  informations to MSC 
Component behavior modehg in MSC 
From MSC to ROOMChart 
ROOMChart modeling 

UCMmodel . 

O 

Bypassing Role Model Definition 

In the previous sections, the defuiition of ROOM structure models and ROOMChm mod- 

els are both carried out in NO modeiing phases. In the definition of a ROOM structure 

modei, we fist define a set of role structures in the transition between MSC and ROOM 

structure, and then we integrate the set of role structures in a single systern structure model 

in the ROOM structure rnodeling phase. In a similar manner, the transition between MSC 

and ROOMChart models produces a set of role behaviors that are integrated in component 

behaviors in the ROOMChart modeling phase. 

The main reason why we defmed two distinct modeling phases (i.e. the model transition 

fiom MSC to ROOM and the in-rnodel modeling in ROOM) to produce ROOM models is 

to separately discuss the issues related to the definition of role models and the ones related 

to role model integration. It is important that designers have a good understanding of these 

issues not only for producing good design models, but also for the purpose of maintainhg 

the models. 
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However, in practice. role structure and role behavior models are usually not explicitly 

defined. Designers go directly from a set of MSCs to a ROOM system model. In such a 

case the model transition phase fiom MSC to ROOM and the ROOM 'in-mode1 modeling 

phase are combined in a single modeling phase. The fact that the two modehg phases are 

combined in a single one and that the role models are not explicitly defmed does not affect 

the systematic and traceable nature of the RT-TROOP modeling process. 

In some cases, it is well justified to explicitly defme and maintain role models. M e n  sep- 

arately defined, role models can be reused in other systems. Role structure and role behav- 

ior models c m  dso  be maintained in association with UCM maps and MSCs to document 

design patterns at different levels of abstraction. 

A modified version of the RT-TROOP modeling process in which role models are not 

defined is illustrated in Figure 77. In this diagram, a single modeling phase is used to pro- 

duce a ROOM structure mode1 and ROOMChart component behavior models. The 

description of the resulting modified ROOM structure modeling phase and ROOMChart 

modeling phase is given in Table 2. If we compare the description of the two rnodeling 

phases of Table 2 with the correspondhg ones in Table 1. we observe ba t  the inputs of the 

modeling phases have been modified to adapt to the new context, and that the content of 

the modeling phases have been modified to contain modeling activities that were previ- 

ously distcibuted over two distinct modeling phases. The ROOM structure modeling phase 

of Table 2 regroups modeling activities of the transition from MSC to ROOM structure 

and modeling activities of the ROOM structure modeling phase of Table 1. In a sirnilar 

manner, the ROOMChart rnodeling phase of Table 2 regroups modeling activities of the 

transition ikom MSC to ROOMChart and modeling activities of the ROOMChart model- 

h g  phase of Table 1. 
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TABLE 2. Modified RT-TROOP modeling phases 

ROOM struc- 
ture modeling 

ROOMChart 
modeling 

Input 

- a new version of 
the specification 
MSC mode1 

- the existing global 
ROOM srmcrure 
model of the sys- 
tem 

- a new version of 
the customized 
MSC model con- 
tainin; both stnic- 
ture and component 
behavior informa- 
tion 

- the UCM model 

- the existing 
ROOMChart model 

Objective and Activities 

Objective: 

integrate the ROOM role smc-  
hues in the global ROOM stnic- 
ture of the system 

Activities: 

- derme system actors 

- defme system protocol classes 

- defme actor bindings 

- de fine the Qpe of inter-actor 
communication (sap-spp or pom) 

- define ROOM data classes for 
data associated with messages. 

- restructure systern 

Objective: 

In tep te  MSC roIe behaviors in 
the cornponent behaviors (one for 
each ROOM actor) 

Activities: 

- defme ROOMChart states and 
transitions 

- introduce code-Ievel informa- 
tion in the ROOMChart models 

- define required ROOM data 
classes 

- use hierarchical state machines 
to structure component behavior 

- define enuy and exit code for 
composite states 

- restrucrure component behavior 

-- 

Output 

- a new version of 
the global ROOM 
structure model of 
the system 

- a new version of 
the ROOMChart 
mode1 

- a new version of 
the complete 
ROOM model (end 
objective of the 
overall modehg 
process) 
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FIGURE 77. Bypassing role mode1 definition in the RT-TROOP modeling procw 
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3.13.2 Reusing Existing ROOM Components 

The reuse of existing components is an important aspect of system development. Some 

types of cornponents like hardware component cirivers, database proxies (defined for spe- 

cific databases): specialized extemai communication co~n~onents'~. and log manager 

components can be used in many different systems. 

When reusing a component, the component cornes with ifs structure. and behavior. The 

roles that may be played by the component, and the set of responsibilities that may be allo- 

cated to it are (implicirly or explicitly) defhed in the component description. 

In the context of object-oriented -stems, component reuse is done at the class Ievel. In the 

context of ROOM modeling, actor classes are the reused entities. The reused ROOM actor 

classes are used to create components (instances, or actor references) in the new system. 

24. Extemal communication components can be specialized based on the protocol they use for communica- 
tion, e.g. a TCP/IP extemal communication component may be defined. 
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The decision of reusing an existing ROOM actor class has an impact in al1 of the different 

rnodels used in the RT-TROOP modeling process. This is illustrated in Figure 78 and 

described thereafter. 

FIGURE 78. RT-TROOP modeling using exirting ROOM components 

a From STD to UCM a UCM rnodcliq a From CCM to MSC Spe~ific ion Cugomized 
Specification MSC modeling a F m n  >¶SC to ROOM Structure 

MsC 6 ! ; MSC ml 
@ ROOhvI smicnire modcling MSC model 

a Addino. ROOM m e t u r c  informations to MSC a Cornponenr behavtor rnodeliag in MSC 
QI  rom MSC ro R O O M C ~ ~  
@ ROOMChui rnodeling 

Modifications to the RT-TROOP Modeling Phases 

The reuse of an esisting ROOM component (actor class) in the modeling of a new -stem 

has the following impact on the modeling phases: 

1. Sarne as before. 

2.  Inuoduce the reused component in the UCM model. This in effect cornains the set of 

design choices. îhe roles played by a reused component must be consistent with its 

description. and the responsibilities that are allocated to it must be part of the responsi- 

bilities it can execute. 
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3. Use the messages defined in the interface cornponents bons) of the reused component 

(actor class) in the description of the message sequences 

4. Same as before. 

5. Introduce the reused actor class, protocol classes, and data ciasses in the ROOM model 

of the new system. Use the reused ROOM component in the definition of the role struc- 

tures of the system. 

6. Use the reused component in the definition of the global structure of the syslem. 

7. Same as before. 

8. Introduce the state of the reused component in the different MSCs in which the compo- 

nent is used. 

9. Same as before. However, there is no need to defuie the role behaviors of the reused 

component, 

10. Use the component behavior of the reused component. 

3.13.3 Using Requirernent Mode1 That Contains MSCs 

In the telecommunication industry. requirements are often described by means of a set 

MSCs. These MSCs are defined at an abstraction Ievel that corresponds to the specifica- 

tion MSCs defined in RT-TROOP modeling. They may also contain component behavior 

information. 

These MSCs speciQ: 

System scenarios in tems of sequences of messages exchanged between components. 

A set of roles that must be filled in the system. 

In such case' the fim step does not consist in producing a UCM model fiom a set of sce- 

nario requirements. it may Ulstead consist in abstracting a STD description or a UCM 
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model fiom the requirement MSCs. The designer ma. also decide to define the ROOM 

role structures associated with the requirement MSCs. 

The impact of using a requirement mode1 that contains MSCs is illusmted in the diagram 

of Figure 79 and described thereafier. In this diagram, we chose to define the STDs fiom 

MSCs first, and then use the same ordering of modeling phases as before. 

FIGURE 79. RT-TROOP modeling using MSC requirements 

O ~ b m a c t  STDS fmm MSCS 
0 From STD to UCM a UCM modeling 
@ From UCW to MSC a Specificarion MSC rnodeling 
@ From MSC to ROOM Smicture a ROOM structure modeling 
@ Adding ROOM structure intmations to MSC 
@ Camponent behavior modeling in MSC 
@ From MSC to ROOMChart a ROOMChan rnodeling 

gl~fiv iq :$rniz&I 

MSC model 

Modifications to the RT-TROOP Modeling Phases 

The use of a requirement mode1 that contains MSCs has the following impact on the mod- 

eling phases: 

1 .  Abstract STDs fiom the requirement MSCs. 

2. Same as before. The mapping of STDs onto UCM paths does not change. 
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3. Define components and allocate responsibilities in conformance with the requirement 

MSCs. 

Asa- the implicit interactions between scenarios in the MSCs must be explicitly 

described in the UCM model. 

4. Introduce the requirement MSCs in the specification mode1 of the system. and Iink each 

of those MSCs with its associated UCM related path set (This is dmost what we do in 

phase 1). 

5 .  Same as before. 

6. Same as before. 

7. Same as before. 

8. Use the component behavior information contained in the requirement MSC if any. 

9. Same as before. 

1 0 .Same as before. 

1 1 .Same as before. 

3.13.4 Using Existing Design Patterns (Mediator Pattern) 

When applying a design pattern, part of the model elements are predefined. In rh is  section, 

we discuss how the RT-TROOP modeling process adapts to the use of existing design par- 

terns. We use the Mediator pattern defmed in [ X I  to show the impact of the use of a 

design pattern on the RT-TROOP modeling phases. Different types of pattern m g  have a 

different impact on the RT-TROOP modeling process. The modification that must be 

made to the modeiing phases depends of the nature of the design process. 
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Description of the Mediator Pattern. 

The mediator pattern defines MO different roles for components: a mediator that is 

responsible for controlling the execution of scenarios, and a set of coZleagues that are 

responsible for executhg scenario responsibilities. The goal of the mediator pattern is: 

To decouple colleagues from the scenarios in which thêy are used. 

To centralize the control of scenario execution in the mediator. 

In this context, colleagues are defined as autonomous components independently of any 

particular scenarios. This has the advantage of producing highihly reusable components. 

The integration of a set of colleagues in a specific system context (i.e. to satisfi a speciilc 

set of scenarios) is done through the definition of a mediator component that is responsible 

for controlling (coordinating) the execution of the scenarios. and for delegating the execu- 

tion of scenario responsibilities to the colleagues. Al1 scenario responsibilities are exe- 

cuted by colleagues. 

Structurally speaking, there is no direct relationship benveen the colleagues. ïhey are 

completely decoupled fiom each other. The relationship between the mediator and the col- 

leagues is one-to-many. The colleagues communicate with the mediator to inform it of 

specific events, and the mediator cornmunicate with the colleagues to request the execu- 

tion of scenario responsibilities. The structure of the mediator pattern is iilustrated in 

Figure 80. 
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FIGURE 80. Structure of the mediator pattern 

The mediator pattern also describes typical sequences of interactions between the media- 

tor and the colleagues using interaction diagrans. 

Impact of the Mediator Pattern on RT-TROOP Modeling Phases 

The decision to use the mediator pattern has an important impact on the different modeling 

phases of the RT-TROOP process. In this case, the ordering of the modeling phases remain 

the same, but the inputs to and the content of the modeling phases are different. 

M e n  using the mediator pattern, the role of the colleagues may be played by reused corn- 

ponents. However, because the behavior of a mediator component is defined in function of 

a specific set of scenarios and a specific set of components that are responsible for execut- 

hg scenario responsibilities, the rnediator component itself usually needs to be defined 

fiom scratch. 

The impact of using the mediator pattern in RT-TROOP is illustrated in the diagram of 

Fi-me 81 and described thereafter. In cases where the colleague roles are played by reused 

components, the diagrams of Figure 78 and Figure 81 must be combined. 
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FïGURE 81. RT-TROOP modeling using the mediator pattern 

From STD to CCM a UCM modeling a From UCM to MSC 
@ Spccification MSC modeling a From MSC to ROOM Strucnve a ROOM strucnirc rnodeling MSC model 

a Adding ROOM structure informations to MSC a Componcnt behavior modcling in MSC 
From MSC to ROOMChan 

@ ROOMChm rnodeling 

Modifications to the RT-TROOP Modeling Phases 

The use of the mediator pattern has the following impact on the RT-TROOP modeling 

phases: 

1. Same as before. 

2. Define a mediator and a set of colieague cornponents, and ailocate responsibilities to 

these components in conformance with their role. The mediator is responsible for con- 

trolling the execution of the different system scenaios, and to relay information to the 

appropriate components. The colleagues are the ones responsible for executing sce- 

nario responsibilities. 

3. Defme the specification MSCs in conformance with the message sequences defined in 

the mediator pattern. 

3. Same as before. 
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5. Defme the role structures in conformance with the mediator pattern structure. 

6 .  The integration of the set of roles structures in a global system strucrure remains the 

same as before. 

7. Same as before. 

8. Same as before. 

9. Same as before. 

1 0.Sarne as before. 

3.14 Chapter Summary 

In this chapter. we defuied the RT-TROOP modeling process. This process allows for a 

systematic progression fkom a set of scenario texniai descriptions, defined at the require- 

ment level. to a ROOM model, fiom which irnplementation can be autornaticaily gener- 

ated. It esmblishes the basis for the definition of a fme-grlained traceabiliv between 

requirements and implementation. 

The RT-TROOP modeling process makes use of four dBerent models: STD: UCM, MSC- 

and ROOM. It defines the d e s  of the models, and the content of the modeling phases that 

compose it.  

We defined four model transition techniques: 

STD to L'CM 

L'CM to MSC 

MSC to ROOM suucnue 
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While rnost of these transitions can be partly automated, they ail require adduig new 

design information. Thus, the process as a whole remains a creative one; it cannot be corn- 

pletely automated. For example, in the transition between UCM and MSC, we can auto- 

matically generate the HMSC mode1 and the skeleton of the different basic MSC 

diagrams, but the sequences of actions and messages have to be defmed by the designer as 

a refinement of the UCM high-level responsibilities. Ln the transition between MSC and 

ROOM structure, the set of messages relevant to an actor can be automatically generated 

fiom MSC: but the grouping of those messages into ROOM protocol classes has to be 

done by the designer. Findly. in the transition between scenario models (UCM and MSC) 

and ROOM hierarchical state machines. mode1 elements such as primitive States, transi- 

tion triggering events, and transition actions c m  be obtained direcrly from MSC diagrams, 

and some Uiformation conceming the strucniring of the hierarchical state machines cm be 

obtained fiom the UCM diagrams, but the definition and the overall strucninng of the 

hierarchical state machines remains a designer task. 

In Chapter 5. a simple case study is developed to illustrate the RT-TROOP modeling pro- 

cess with a concrete example. 

The traceability relations of RT-TROOP are formalized in Chapter 6. 
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In this chapter, we define a set of patterns that aims at designing the hierarchical state 

m a c b e s  of complex components from large and complex scenario models. 

The design patterns we define in dus chapter are not specific to the RT-TROOP modeling 

process and the models it uses. They c m  be applied in dif5erent rnodeling process with dif- 

ferent models. For this reason. we use the terni inferaction diagram in a peneric manner to 

refer to MSC-like diagrarns. We also use the term hierarchical state machine in a generic 

manner without implying any specific relationship to the ROOMChart rnodel. The roles of 

interaction diagram and hierarchical state machine can be played as well by UML interac- 

tion diagram and UML hierarc hicd state machine. 

This chapter is structwed as follows. 

Section 4.1 discusses the motivations for the d e f ~ t i o n  of the design patterns, and 

describes the characteristics of the design patterns defined in this chapter. 

Section 1.2 describes the ATM (Automatic Teller Machine) system that is used 

throughout the chapter to illustrate the design patterns. 

Sections 4.3 through 1.7 define a set of design patterns. 

In this chapter, we have deliberately adopted the presentation format of [XI  in al1 its idio- 

syncrasies and repetitions. 
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Introduction 

Motivations 

Scenario models and communicating hierarchical state machine models provide two 

orthogonal views of real-the systems. The former describes system behavior as 

sequences of responsibilities that need to be executed by components in order to achieve 

overall system objectives, while the later describes complete component behavior in terms 

of states and transitions. 

One of the most crucial and complex phases of real-tirne system design lies in the transi- 

tion that is required to go from system behavior (defuied by means of scenario models) to 

component behavior (described by means of cornmunicating hierarchical state machine 

models). Among the factors that connibute to this complexity are: 

Large number of scenarios. Typical real-time systems are composed of very large sets 

of scenarios, and each component is usually involved in the execution of many different 

scenaios. A component behavior needs to satisîy each of the scenarios in which it is 

involved. 

Concurrency and interactions between scenarios. Concurrency and interactions 

between scenarios is an aspect of real-time systems that makes such systems particu- 

lady complex and dinicult to design. It is nor sufficient to defuie component behaviors 

so that they cm execute dl the different scenarios individually ; it. is also necessq  to 

define them so that they cm execute scenarios in the overall context of concurrency and 

interactions. 
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Scenarios of düferent types. Real-tirne systems implement scenarios of different 

types. Some scenarios describe normal situations, while others descnbe alternatives 

and error paths. They may also descnbe scenarios of different logical levels such as 

control, configuration, service intemipuon, failure' error recovery. maintenance, and 

main functionality. Al1 these different types of scenarios must be considered in the def- 

inition of component behaviors. 

Dynamic modification of scenarios. The set of scenarios that cm be executed (valid 

scenarios) by a system or a component can change over time; the set of scenarios that 

can be executed at time Tl can differ from the set of scenarios that can be executed at 

tirne T2. For example, there may exist several scenarios thar aim at providing the same 

type of functionality in a given system, but depending on the types of components 

involved in the execution of the functionality: the set of scenarios that can be used may 

Vary.  

Unpredictability of extemal events. Because real-time systems are event-driven? the 

order in which the scenarios can be triggered is unpredictable. Thus. when defining 

component behaviors, designers cannot presuppose any particular sequence of events. 

Componenr behaviors must be robust enough to ailow al1 possible sequences. 

Incornpleteness of scenario models. Scenario models descnbe typical system behav- 

ior paths at an abstract level. As such, we c m  say that scenario models are intentionally 

incomplete. Firstiy, they are incomplete wirh respect to the overail set of system scenar- 

ios. Very often, scenario models do not explicitly describe all possible scenarios. They 

o d y  descnbe the most important ones. Secondly, they are incomplete with respect to 

the overail set of requirements. Some types of requirements are not explicitly described 

in scenario models. For example, requirements related to reliabim and robustness are 

usually not descxibed in scenario models. Finally, they are also incomplete with respect 

to level of details that they give. Scenario models do not give the same level of details 
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than state machines, or implementation. Thus, when making the transition between sce- 

narios models and hierarchical state machines, designers rnust add information not 

described in scenario models. 

MaintainabTty and extensibüity of components. Since most indutrial systems have 

a long lifecycle' it is very important to build system components so that they can be 

easily maintained and extended. Thus, ir is not sufficient to defme component behav- 

iors that satis@ the current requirements, it is also very important to defme them to 

facilitate future modifications. The structuring of component behavior is one of the 

most important factors of component maintainability and extensibility. This is an 

important nonfunctional requirement that must be considered by designers. 

When defuiing the behavior of a component fiom a set of scenarios? al1 these factors must 

be considered. Moreover. designers m u t  also consider other nonfunctional requirements. 

such as performance and robustness. Therefore, in order to achieve good design. designers 

must synthesize al1 the information contained in the scenario model. consider the nonfùnc- 

tional requirements, and produce a set of hierarchicai state machines that altogether satis@ 

the overall requirements of the system. Without a rigorous approach, this nansition is error 

prone and very unlikely to nicceed. 

In the current literature, some papers, e.g. [5 11- [ S I ,  [58], and [69], defme methods. based 

on synthesis algorithms, that perfoxm automatic generation of state machines fiom a set of 

interaction diagrams. Such methods allow completely automating the transition between 

interaction diagrams and state machines. Their main advantage? beside the fact that they 

perform automatic generation of state machines, is that they allow maintaining a complete 

traceability between scenario models and state machine models. They also ensure the cor- 

rectness of the state machines with respect to the scenarios described in the message 

sequence diagrams. However, they do not consider severai important design issues like 

interactions between scenarios, and smicniring of state machines to facilitate modifica- 

tions and reuse. Moreover, none of the existing methods have yet solved the problem of 

automaticdy integrating concurrent and interacting scenarios in the generai case. 
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RT-TROOP Proposed Solution 

In this thesis, in order to address such issues, we take a different approach. This approach 

is based on the definition of design patterns. The use of design pattems ([24], [3 51' [67], 

and [96]) has rapidly increased in the industry in the last few years. The patterns approach 

consists in defining a set of solutions that can be applied by designers when facing specific 

design problems. Patterns can be classified in terms of their application domain. the aspect 

of system development that they address, and the level of abstraction at which they can be 

applied. 

In terms of appiication domain, pattems have been defined for both general problems of 

any type of systems, and for problems that are specific to some application domains like 

reai-tirne systems (including concurrent and distributed systems) [56], [85], [96], Corba 

[67], avionics [56], and so on. In tems of system development aspects. p a m s  have been 

defined to address aspects like: enterprise design [67], process and organization [96], sys- 

tem design [3], and software design [24], [96]. In tems of abstraction levels, pattems 

have been defined at the architecture and structure level [24]! [XI,  [96], behavior level 

[24], [3 51, [96], and progamming level [24], [3 51, [96]. 

However, there exist to our knowledge no pattems that address the difficult problem of 

integraMg a set of possibly concurrent and interacting scenarios into a set of component 

behaviors. In this thesis, we defme a set of pattems to help designers defining cornmuni- 

cating hierarchical state machines from scenario models. 

The d e f ~ t i o n  of pattems to help designers making the transition between scenario models 

and hierarchical srate machines is one of the main contributions of dis thesis. Such pat- 

terns will be benefit to both experienced and inexperienced designers. 
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Approach 

The patterns we define use both the detail-level scenario information contained in the 

interaction diagrams and the inter-scenario relationship information contained in the UCM 

models to design the hierarchicd state machine of complex components. 

These patterns define the behavior of components using a two-step approach. In the fis1 

step, we use the detail-level scenario descriptions provided by interaction diagrams to 

define state machines on a per scenario basis. In the contex1 of the RT-TROOP modeling 

process, these state machines correspond to the role behavior state machines that are 

defined in the transition fkom MSC to ROOMChart (section 3.1 1). In the second step, we 

use the scenario relationship information to compose the state machines obtained in the 

first step into more complex hierarchical state machines. This approach is illusnated in 

Figure 82. 
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FIGURE 82. From a set of scenarios to a set of component behavior 
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Forces 

The foliowing forces apply to the overall set of design pattern. 

Design for locality of change. Locality of change is a propery that aims at miniminng 

the nurnber of places in a system where the modification of a given requirement would 

impact. It also aims at facilitating the precise evaluation of 'where" in the -stem a 

requirement modification would impact. Locality of change is an important factor of 

maintainability and extensibility. 

Decouple individual scenario descriptions and scenario interaction descriptions. 

Increase ûaceability between hierarchical state machine models and scenario models. 

Objective 

The objective of this chapter is to defme a set of pattems that allows designing hierarchi- 

cal state machines fiom scenario models. The set of patterns proposed here does not pre- 

tend to be complete in any way. It includes a set of general pattems that cm be used as a 

starting point to defme a more complete catalogue of such patterns in specific develop- 

ment contexts. 

The set of pattems presented in this chapter provide solutions for a set of important prob- 

lems that are encountered in the design of real-time system components. We hope that the 

definition of this set of pattems will trigger the definition of other behavior integration 

pattern. 

This chapter proposes a set of behavior integration patterns that deals with the following 

issues: scenarîo partitioning, state machine integration, mode-oriented behavior. mutuaIly 

exclusive scenarios. and dinerent types of scenarîo interaction. Figure 83 gives an over- 

view of the pattems. The two first patters, i.e. scenario partitioning and state machine inte- 

gration, are process patterns, while the others are design pattems. 
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FIGURE 83. Set of behavior integration patterns 
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4.2 Description of the ATM system 

In this chapter, an Automatic Teeller Machine (ATM) system will be used to illustrate pat- 

terns. This ATM system is a conventional one that ailows for withdraw, deposit, bill pay- 

ment, and account update. 

ATM Components 

The ATM system is composed of a set of geographically distributed .4TMs and a Central 

Bank System (CBS), which is responsible for maintainhg client information and 

accounrs; and for authorizing and registering al1 transactions. Each ATM is composed of a 

ATM controller, a card reader, a user interface (composed of a display window and a key- 

pad), a cash dispenser, an envelop input slot (used for deposit and bill payments). and a 

receipt pnnter. The ATM controller is responsible for controlling the execution of al1 ATM 

scenarios, and for communicathg with the CBS. The different components of the ATM 

system are illustrated in Figure 84. 
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FIGURE 84. Main components of the ATM system 

astt Dis ense u 
ATM Controller I 

ATM Scenario 

With respect to scenarios, the ATM system contains the following scenarios: 

A start-up scenario that describes the steps required to bring the system to its opera- 

tionai state. These steps include the configuration of each components of the ATM sys- 

tem, and the establishment of the communication with the CBS. 

An abstract Transaction scenario, which describes the sequence of responsibilities 

common to al1 transactions. It includes reading the card nurnber? v e e i n g  the Pm 
(Penonal identification Number), getting the user transaction selection, executing the 

required transaction, printing a receipt, and returning the card. 

One scenario for each of the different types of transaction offered by the ATM system, 

i.e. withdraw, deposit, bill payment, and account update. Each of these scenarios 

describes the details of a transaction2 as well as the set of alternative scenarios associ- 

ated with them. 

A set of maintenance scenarios that describes different aspects of system maintenance 

such as: ver&- the states of the different ATM components, write messages to log files? 

trigger system alarm, and so on. 
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A shutdown scenario rhar descnbes the steps to be carried out when shuaing d o m  the 

ATM. The shut down steps includes tuming off the different ATM components, and 

releasing (or closing) communication with the CBS. 

.4 set of en-or handling scenarios rhat takes care of dif5erent types of errors that can 

occur in die system. 

A set of r e c ~ ~ g u r a t i o n  scenarios that allows reconfiguring different parts of the sys- 

tem. 

A set of secure communication scenarios that allows communicating with the Central 

Bank System. 

UCM Model 

Each of these ATM scenarios can be expressed using a separate UCM. For the purpose of 

the curent example, we only illusnate three of hem: the general transaction scenario, the 

withdraw scenario, and the deposit scenario. 

In Figure 85, a UCM describing the general ATM transaction is given. This UCM 

describes the set of actions that are common to al1 .4TM transactions. It aiso contains a 

stub, labeled S 1, which is to be filled at nin-time by a concrete ATM transaction UCM that 

corresponds to the transaction option chosen by the user. UCMs describing the concrete 

transactions withdraw and deposit are given respectively in Fi~ure 86 and Figure 87. 
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FIGURE 85. ATM transaction UCM 

FIGURE 86. UCM for a withdraw transaction 

, 1 ATM Cmmt Conmol( 

Transaction scenario 
Description: This scenario describes the steps 
that are common to al1 ATM transactions 
Precondition: ATM is idle. 
Triggering event: User inserts bank card 
steps: 
rI. ATM swallows bank card and reads card 

informations. 
r2. ATM initiates transaction. 
r3. ATM asks user to enter PIN. Users m e r s  

PlK. 
r4. CBS validates PM. 
r5. .4lll asks user to choose a m a c r i o n  

option. User enttrs option. 
s 1. ATM extcutes the choosen transaction. 
r6. ATM prints a transaction recripts. Lser picks 

up the receipt. 
r7. .ATbl rcrurns bank card. G e r  picks up the 

card. 
Resulting event: .4TM retums the bank cud .  
Postcondition: ATM returns to idle. 
.4lternatives: 
Yonfunctional Requirernent: Thére could not 
be more than one active transaction scenario at 
the timt. 

Withdraw transaction 
Description: Describes the seps of a normal withdraw 
transaction 
Precondition: ATM is waiting for an option to bt entered 
Triggcring event: Cscr chooses the withdraw option 
steps: 
r8. A M  asks for amount to withdraw. User enters arnount 
r9. Al31 sends a withdraw transaction rcquest to CM. 
r1O.CBS verifies that the user account balance is s a c i e n t  

to cover the requested amount 
r 1 I .CBS registers the withdraw transaction. 
r l2.ATM dispenses cash. User picks up cash. 
Rtsulting evcnt: ATM dispenses cash 
Postcondition: withdraw completed 
Alternatives: h f f i c i c n t  funds 
Nonfunctional Rquircments: 
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FIGURE 87. UCM for a deposit transaction 
Dtposit transaction 
Description: 
Precondition: ATM is waiting for option to be entered 
Triggering event: User chooses the deposit option 
steps: 
rl3..4TbI asks for amount to deposit. User enters 

amount 
rl-1.Am initiates a deposit transaction with CBS. 
rl5.ATM asks for deposit envelop. 
rl4.ATM swallows the deposit envelop. User enters 

deposit envelop. 
r l7..ATM sen& a deposit transaction request to CBS. 
r l8.CBS reginers the deposit transaction. 
ResuIting evtnt: =\Tb1 dispenses cash 
Postcondition: deposit completed 
Alternatives: 
Nonfunctional Requirements: 

4.3 Scenario Partitioning Pattern 

ïhe  Scenario Partitioning Pattern is a process pattern that defines a general approach to 

hierarchical staie machine structuring. It aims at partitioning the overail set of scenarios 

that musi be implemented in a component behavior into subsets, called scenurio clusta-s, 

that relate to different aspects of the system. Each scenario cluster cm then be addressed 

separatel? at the state machine design level. A role behavior state machine can be pro- 

duced for each scenario using the RT-TROOP modeling process. The global cornponent 

behavior is then ob~ained by integrating the different role behavior state machines in a 

hierarchical state machine. 
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Motivation 

Real-time system components are complex design artifact that rnay be involved in the exe- 

cution of large sets of scenarios. For example, industrial system components must usually 

implement a set of scenarios that relate to different system aspects such as control, contig- 

uration, shutdown, maintenance, and normal operation. Aso,  each of these groups of sce- 

narios rnay be M e r  decomposed into smaller sets of related scenarios. For example, a 

subset of the control scenarios may be related to system r e s m  (with different types of 

restart), while another subset may be relate to error handling1? and yet another may be 

related IO preparing the system for r e~o~gura t ion .  Also, the set of confi~guration scenar- 

ios may be composed of several distinct subsets of scenarios each related to a different 

type of -stem configuration3 and the set of normal operation scenarios may be composed 

of different types of system functionaiity. Moreover, system components may require the 

use of specific communication scenarios to communicate with other components using 

specific communication protocols. 

As a result, even components that are apparently simple? become rather complex to design 

when placed in an industrial context that requires for robustness, high maintainabilip and 

extensibility. 

The Am1 system described in section 4.2 is a concrete example of such a system. 

Applica biliîy 

Use the Scenario Partitioning Pattern to partition scenarios when a component behavior 

must impiement a large set scenarios. This pattern can be used for any type of systems; it 

is not specific to real-tirne systems (other proposed patterns are more specific to real-the 

systems). 

1. In error handling, we inciude both enor detection and error recovery. 
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Problem 

Real-time system components are difficult to design, maintain, and extend. In general, the 

complexity of performing those tasks increases exponentially with the number of scenar- 

ios. Designing the behavior of a component in the conte* of a single scenario is an easy 

task, however designhg the behavior of a component that plays roles in many different 

scenarios is a much more complex task. 

When designing such systems, designers must establish a strategy that dlows dealing mith  

a large number of scenarios, and with the complex relationships that exist between these 

scenarios. Experienced designers have learned to deal with these issues. but inexperienced 

designers have a lot of problems dealing with them. 

Also, if the approach taken by designers is not somehow standardized. different designers 

will deal with it in a different man.neT, which will result in a lack of consistency in the 

structuring of the state machines. Thus can significantl?; increase the cost of maintenance 

and extensions. 

Large monolithic sets of scenarios aiso constitue a problem at the requirement level 

where they may be very difficult to use and maintain. The search for a specific scenario in 

a requirement mode1 that contains hundreds of scenarios rnay be laborious. The partition- 

ing of those scenarios into well-defined subsets, or clusters, can significantly facilitate 

their use and maintenance. 

Forces 

Partition the overail set of system scenario in clusters of logically related scenarios. 

Reduce the number of scenarios that have to be addressed at once at the design Ievel. 

Facilitate the use and maintenance of large sets of scenarios. 
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increase system maintainability and extensibility by grouping scenarios that are related 

to the same system aspect in a single scenario cluster. 

Solution 

The scenario partitionhg pattern uses the divide-and-conquer approach ro reduce the corn- 

plexity of desiping the behavior of cornponents involved in large sets of scenarios. It 

aims at partitioning the overall set of scenarios into scenario clusters that each relate to a 

different aspect of the system. These scenario clusters can then be addressed separatel. in 

the design process. 

This pattern exploits the hierarchical nature of hierarchical state machines to facilitate the 

design. maintenance, and modification of component behavior. It allows srnichiring the 

hierarchicai state machine based on the different clusters of scenarios that the component 

must satisfy, and on the relationships that exisrs benveen the scenarios. 

The application of this pattem is conducted in four steps. 

1 .  .eialyze the overall set of scenarios. At this stage, it is very important not only to 

understand each scenario in isolation, but also to understand the relationships between 

the scenarios. 

2. Partition the overall set of scenarios into clusters of logically related scenarios. The 

process of partitionhg scenarios into ciuners is hierarchical in nature. Scenario parti- 

tioning should be recursively applied until the desired level of granularity is reached. 

3. Implement each of the individual scenarios by means of a separate set of role behavior 

state machines. These role behavior state machines can be defined as described in the 

RT-TROOP modeling process. 

4. Intepite the state machines defined in step 3 in a single hierarchicai state machine. The 

uitegration of state machines can be done using the state machine integration pattern 

defined in the ne= section (section 4.4). 
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The key for success in applying this pattern lies in the understanding of the relationships 

that exist between the different scenarios. A lack of understanding of these relationships 

results in weak partitionhg of scenarios. This eventually results in systems that become 

increasingly f i c u l t  to design as scenarios are added. On the other hand, a good under- 

standing of scenario relationships ailows for efficient planning of the system design. 

In order to emphasis the hierarchical nature of the scenaio partitioning process, we use a 

tree representation to illustrate the relationship between the different clusirrs. An exarnple 

of such representation is given in Figure 88. The relationship expressed between a node 

and its children in this tree representation is of the type "composed of'. We say that the set 

of system scenario is composed of cluster 1' clusterl, cluster3. and so on. Nso, cluster l is 

recursively composed of cluster 1 1 ? cluster 12. and cluster 13. The partitioning process is a 

completely recursive process. 

FIGURE 88. Scenario partitioning representation 

@ a m  

cluster 11 cluster 12 cluster 13 cluster 21 cluster 22 cluster 31 cluster IZ ciuster 13 

Example 

The set of ATM scenarios enumerated in section 1.2 (ATM Scenario page 185) contains 

scenarios related to different aspects of the system. Af'ter analyzing the overall set of ATM 

scenarios, scenarios have been partitioned into four clusters: normal operation, control, 

maintenance. configuration, and secure communication. The result of the partitioning is 

given in Figure 89. Because of a lack of space, only part of the scenarios are show in this 

figure. 
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FIGURE 89. Partitioning of the ATM scenarios 

overall set o f  ATM svstem scenarios, 

The scenarios located in the leaves of the tree cm be implernented in role behavior state 

machines using the descnbed in the RT-TROOP modeling process. 

Consequences 

The scenario partitioning pattern facilitates complex component behavior design. main- 

tenance, and extensibility, by partitioning the overall set of scenarios into clusters and 

by addressing each cluster separately at the state machine design level. 

The scenario partitioning pattern allows decoupling the different logical levels of the 

component behavior. For example, the control levei can be decoupled Born the opera- 

tional level, and the different system functionalities can be decoupled fiom each other. 

When used at the system level, the result of scenario partitioning may be used as an 

input for the planning of the different iterations. Each iteration can be defmed in ternis 

of scenario clusters resdting fiom the application of the scenario partitioning pattern. 

An iteration may contain part of cluster, or one or more clusters depending of the size 

and complexity of the clusten, and on the resource available in the development team 

It allows establishing a saong traceability between the structure of a hierarchicai state 

machine and a scenario model. 
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4.4 State Machine Integration Pattern 

The State Machine intebgation Pattern is a process pattern that defines a compositional 

approach to hierarchical date machine design. It allows designing a component behavior 

hierarchical state machine fiom a set of sirnpler state machines. The main issue that need 

to be resolved in this pattern is the one of integrating a set of state machines diat may 

define different aspects of a component behavior in a single hierarchical state machines. 

Understanding scenario relationships is a key issue in applying the State Machine Integra- 

tion Pattern. 

Motivation 

New scenarios constantly need to be inregrated in existing systems to satisS new require- 

rnents. The integration of a new scenario in a system results in the integration of a new set 

of role behavior state machines in the system, i.e. the component behavior of several corn- 

ponent will need to be modified to allow new sequences of actions that are defmed by 

means of role behavior state machines. For this reason, state machine integration consti- 

tutes a main issue in reai-the system design. 

The Scenario Partitioning Pattern aims at producing a set of hierarchical state machines 

that each encapsulates a cluster of system scenarios. These hierarchical state machine are 

completely decoupled (independent) from each other. This means that under certain 

assumptions we could replace the interna1 state machine of a composite state by another 

nate machine without aîTecting (modifj4ng) the rest of the overail state machine. What the 

Scenario Partitioning Pattern did not discuss is how to compose a set of hierarchical state 

machines in a single component behavior. The main issue that needs to be resolved at this 
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level lies in the relationship that exists between the different scenarios associated with the 

state machines. 

Problem 

Integraihg a set of new role behavior state machines in an existing component behavior is 

a difficult task. Often, the structure of component behavior hierarchical state machines is 

nor strong enough to adapt to the integration of new scenarios. If the component behavior 

is not properly structured, the integration of a new scenario may require a major restmc- 

turing of the component hierarchical state machine. The cost of major restnicniruig is v e q  

expensive in terms of both time and errors introduced. When resmicniring a state 

machine. designers must ensure that the resdting component behavior can still correctly 

execute ail the scenarios already integrated in the component. Unless a systematic 

approach is used. major restructurïng usually involves major debugging. 

Pro biems in hierarchical state machine structures ofien result fiom a lac k of understanding 

of scenario relationships, or a lack of a systematic approach in expressing those scenario 

relationships in terms of state machine consuucts (structure). The integration of a new 

state machine by a designer that does not have a good understandkg of the overall system 

behavior resuits in a component behavior state machine that is dZficult to maintain and 

estend. 

If properly stmctured, the impact of integrating a new scenario is limited to a well-defined 

subset of the overall component behavior hierarchical state machine. 

Applica bility 

The Sute Machine Integration Pattern can be used for the design of hierarchicd state 

machines in any type of components that is composed of a set of existing state machines. 
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Forces 

Allow for the design of component behavior fiorn existing state machines. 

Structure hierarchical state machines (component behavior) so that it dlows for the 

integration of new role behavior state machines at minimal cost. 

The integration must be done in scaieabie manner, i.e. the cos of maintaining the com- 

ponent and the cost of adding new scenarios (role behavior state machines) shodd not 

increase exponentially as the component grows. 

High cohesion of scenarios contained in a composite state. Thus the iocality of change 

property is satisfied. 

Allow for reuse of existing state machines. 

Maintain uaceability between state machine structure and scenario model. 

Increase component behavior maintainability and extensibility by stnicturing state hier- 

archical state machines in a way that is consistent with the scenario partitioning. 

Solution 

The State Machine Integration Pattern defines a compositional approach to component 

behavior hierarchical state machine design. It defmes a component behavior as a set of 

integrated simpler state machines each of which being associated with a set of scenarios. 

The approach taken in this pattern is similar to the approach used in system structure 

design where a system is defhed as a set of communicating components. In the case of 

systern structureo the overail behavior of the system is the resuit of component inregration. 

In this pattern, a hierarchical state machine is defmed as a set of simpler state machineso 

where each state machine implements a set of scenarios. In this case, the overail behavior 

of a component is the result of state machine integrarion. 
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The st-g point of the application of this pattern is a set of role behavior state machines, 

each of uliich being associated with a specific scenario', that must be integrated in an 

existîng component behavior hierarchical state machine. The top level of the component 

behavior hierarchical state machine is nomally occupied by the control state machine. 

Then, the other state machines, like the normal operation state machine or the configura- 

tion state machine: are integrated in the appropriate composite state of the control state 

machine. The state machine integration pattern is completely recursive. 

The guiding principle behind this pattern consists in separating the two important aspects 

of scenario models: individual scenario description, and inter-scenario relationships. We 

distinguish three important types of inter-scenario relationships that must be considered 

when integrating scenarios in a single component: 

Scenario interaction reiationship. This type of relationship is the strongest of the three 

from a semantic viewpoint. It exists berneen scenarios that interact in a specific man- 

ner. Different types of interactions are used in real-time systems? e.g. one scenario may 

excludes, waits for, aborts, rendemous or joins another. These specific interactions c m  

be captured in UCMs using the path interaction notation (section 2.2.6). We suggest 

that the exact interaction relationship beween two scenarios determines how these sce- 

narios are to be integrated into a hierarchical state machine. 

Scenario dependency relationship. A scenario dependency relationship exists between 

a scenario S 1 and a scenario S2, if scemio S2 is used in the description of S 1. Exam- 

ples of this type of relationship include stubs in UCM, and the %es" and "refmes" 

relationships defined by Jacobson in [47] and described in [86].  In the ,41M system, 

3. Each role behavior state machine is associated wirh (is an implementation of) a specific scenario in the 
hi@-level scenario model (which is the UCM model in the RTTROOP modeling process). Therefore, 
there exists a one-to-one reiarionship between a role behavior state machine and a scenario. in the 
description of the current pattern, we may use the terms role behuvior state machine or scencuio depend- 
ing on the aspect we want to emphasis- 
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such a relationship exists between the abstract Transaction scenario and each of the 

scenarios that correspond a specific transaction (Le. withdraw, deposit, bill payment, 

and account update). 

Scenario clustering relationship. This type of relationship is used to capture the coex- 

istence of IWO or more scenarios Uiside a same conceptuai regrouping called a cluster. 

This regrouping corresponds to a specific aspect of the system. Ar hs point in t h e ,  

aspects that we have observed to lead to such regrouping include control, configuration, 

communication, error recovery, normal operation, etc. For example, the startUp and 

shutdown scenarios are both part of the control cluaer of the ATM systern, and the 

deposit and withdraw scenarios are both part ofthe operational cluster (see Figure 89). 

In the State Machine Integration Pattern, the structure of the component behavior hierar- 

chicd state machine is defmed so that it reflects the relationships between scenarios. 

The state machine integration pattern can be described as a three step process: 

1. -4nalyze the relationships between the scenarios (role behavior stare machines) that are 

to be integrated and the ones already implemented in the system. 

The use of the UCM rnodel is particuiarly usefùl at this stage to undentand scenario 

interactions. 

2. Determine where in the component behavior hierarchical state machine, each of the 

new scenarios (role behavior state machines) must be integrated. 

3. Integrate each of the role behavior state machines (associated with new scenarios) in 

the appropriate state of the existing component behavior state machine. This step is 

repeated until al1 role behavior state machines are integrated. Some restrucninng rnay 

be done after each integration. Restruchuing may include grouping a set of States into a 

composite state, defining state entry or exit actions, distributhg the set of actions exe- 

cuted on a îransition over a set of transition segments, etc. 
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Different types of scenario relationships lead to diEerent types of state machine integra- 

tion. For example, if two scenarios are contained within the same scenario cluster, and the 

scenario cluster constitute a logical level of the cornponent behavior? then the ouo role 

behavior state machines associated mith the scenarios will be integrated in the same com- 

posite state. The way the integration is done depends on the specific type of interaction 

that exists between the two scenarios. A set of patterns dealing with different types of sce- 

nario interaction is defined in section 4.6 (Mutually Exclusive Scenario Pattem) and 

section 1.7 (Scenario Interaction Patterns). 

Example 

We now apply the State Machine Integration Pattern to the design of the ATM controller 

component. This component is responsible for controlling al1 aspects of the ATM. It coor- 

dinates the work of the different A m  components, and cornmunicates with the CBS to 

c q  out transactions. 

For the purpose of illustrating the state machine integration pattern, we fxst consider the 

two main control scenarios. startup and shutdown, and the set of transaction scenarios. 

Then. we discuss the integration of error handling scenarios in the resulting component 

behavior state machine of the ATM controller. The integration of the other scenarios c m  

be canied out in a similar mannet* 

The design of the component behavior of the ATM controller is conducted in three phases: 

1. Definition of the control state machine 

2. Defrni.tion of the operational state machine 

3. Integration of the two state machines in a single one 
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Integration of Control Scenarios 

First, we integrate the two role behavior state machines associated with the control scenar- 

ios: the startup state machine and the shutdown state machine. These state machines are 

illustrated in the top part of Figure 90. Both of these state machines are hierarchical state 

machines. In the startup state machine? the details of the startup configuration are encapsu- 

Iated in the conflguring composite state. In the shutdown scenario, the different steps of 

the scenario are encapsulated in the composite shutdown state. 

In this case, the integration of the state machines is rather simple since the end state of one 

scenario is the initiai state of the other scenario. The resdt of the integration of the two 

state machines is illustrated in the bottom part of Figure 90. The resulting state machine is 

a very general one that couid be used for different types of systems. 
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FIGURE 90. Intcgration of control scenarios 

shutdown 

4 

operational 

ATM Transactions 

Second, we build a state machine for the operational aspect of the A?M controller. This 

state machine encapsulates dl the ATM transaction scenarios. In this case, the generai 

transaction scenario is a high-level scenario that uses the other transaction scenarios for 

the purpose of specific transactions. For this reason, we establish a %ses" relationship 

between the general transaction scenario and the other transaction scenarios. This is 

reflected at the hierarchical state machine level by the definition of a transaction compos- 

ite state in the general transaction state machine. This composite state encapsulates the 

whole set of transaction scenarios. 
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The generai transaction scenario codd be described by the operational state machine 

given in Figure 91. This state machine describes the steps that are common to ail transac- 

tions. We observe that di is  state machine is defined independently of any particuiar tram- 

actions. This would allow reusing diis state machine in different venions of the ATM that 

offer different types of transactions. 

FIGURE 91. Operational state 

At the level of the transactions. the state machine of Figure 92 could be defined. This state 

machine. cdled nanraction, contains a set of composite states that correspond to the dif- 

ferent types of transactions offered by the system. Each of these composite states encapsu- 

lates a state machine that descnbes die steps requûed for a transaction. 

This transaction state machine is designed using the Mutually Exclusive Scenario Pattern 

(Section -1.6). This pattern ensures that the scenarios can only be execured one at a Ume. 

Once defined. this state is placed in the iransaction composite state of the operational 

state. 

Then. the transaction state machine of Figure 92 is plug-in the transaction state of the 

operarional state machine of Figure 91. The resuit is a concrete operational state machine 

that encapsulates al1 the transaction related behavior of an ATM. This state machine is 

completel- independent of the control state machine previously defined. Therefore, it 

could be used with different corn01 levei state machines. 
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FIGURE 92. Transaction state 

Integration of ATM Transactions in the Top Level Conti01 State Machine 

Finally, we plug-in the operational state machine? defhed in Figure 91' in the operational 

state of the top level conmol state machine. As a result, the operational state of the control 

state machine is modified to become a composite state. The resulting control state 

machine is illustrated in Figure 93. 

FIGURE 93. ATM controller component behavior 

Integration of E m r  Handling 

Now assume that at this point we want to introduce error handling in the ATM controller. 

The k t  thing we wouid need to do would be to define a role behavior state machine for 

each of the emr handhg scenarïos we want to introduce in the ATM controller. This c m  

be done using the RT-TROOP modeling phases. Then, we integrate ai i  the resdting sce- 
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d o s  in a single error handling state machine. This can be done in a similar manner as in 

the previously cases. 

Finally, the 1 s t  step consists in integratuig the resulting state machine in the control state 

machine of the ATM controller. The result of this step is shown in section 94. 

FIGURE 94. Adding the error handling seenarios to the ATM control component behnvior 

operational 1 

rtcover 

Consequences 

This fom of component behavior design allows for the reuse of existing suite machine. 

It allows designing complex component behavior fiom a set of sirnpler (specialized) 

ones. Ultimately, it could allow building the whole behavior of a component fiom exist- 

ing state machines. 

This approach provides for the development of libraries of specialized (and well-docu- 

mented) state machines that can be used for the dennition of complex component 

behavior. The main advantage of this approach is that designers can benefit fiom the 

existence of state machines that have already been designed and tested by others in dif- 

ferent contexts. Thus, the designers can benefit fiom the experience of other designers. 

This pattern aliows for packaging of existing state machines for the development (defi- 

nition, or design) of customized systems, or components. For example in the context of 

the . A m  system, different types of ATM machines could be defined by packaging dif- 
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ferent sets of specialized state machines. If the request was made to develop a '-fast 

c a s h  ATM machine, i.e. a machine that only allows for withdraw and account update, 

then the different scenarios and associated state machines that have been aiready devel- 

oped for the standard Am1 machine couid be reused with minor modifications. 

This pattern aiso allows reusing existing nate machines in the design of new compo- 

nent behavior. For example, a gencnc control state machine can be used in the design of 

components that significantly differ at the functional level. Similarly, a state machine 

that defmes the steps required to establish a telephone connection could be reused in 

rnany systems that need to establish such a comection. This could be the case in the 

.41M systern if. in the srart-up configuration scenario, the system need to establish a 

telephone comection with the centrai bank -stem (CBS). 

This pattern allows establishing a strong traceabiliq relation between the structure of a 

hierarchical state machine and the scenario models that it must satis8. Thus, it facili- 

rates the maintenance of consistency beween hierarchical state machines and the sce- 

nario models as the system is modified and extended. 

The proposed structuring of lierarchicai state machines allows increasing both main- 

tainability and extensibility. For example in the ATM system, if an error is found in the 

execution of the withdraw scenario, the designer knows that he/she should look for the 

error in the withdraw state and nowhere else. Similarly, if the requirements change for a 

scenario, only the state containing this functionality is subject to modifications. 

4.5 Mode-Onented Behavior Pattern 

The Mode-Oriented Behavior Pattern uses a hierarchicd state machine mode1 to d e h e  

the behavior of a component that mua implement a set of scenarios that apply to dBerent 



Chapter 4. Behavior Integrahon Patterns 206 

behavior modes. This pattern dows dividing the overall set of scenarios into subsets that 

are specific to each behavior mode. It allows reducing the number of scenarios that need to 

be addressed at once. 

This pattern allows decoupling scenarios that apply to different behavior mode. Thus, the 

impact of a scenario modification is limited to one encapsulated state machine (interna1 of 

a composite state machine). 

Motivation 

Real-tirne sy stem componen its are often described at an abstract Ievel in terms of set of 

behavior modes. In such a case, the overall set of scenarios that apply to the component is 

partitioned into mutually exclusive subsets. Each subset is associated with a specific 

behavior mode. The component changes from one mode to another upon reception of spe- 

cific messages, or events. 

There exists many examples of synem components that are dehed using behavior modes. 

.4 typical example is a TVNCR remote control that controls both a TV and a VCR. This 

type of remote control has two modes: a TV mode, and a VCR mode. The user can toggle 

between the modes by pressing a TVNCR button. The user inputs are interpreted differ- 

ently depending of the mode in which the component is. 

Another example is a telephone system that offers the "call-forwadT feature. In this case, 

the telephone of a user that subscribes to the "cd-fonvard" feature is either in the "nor- 

mal" mode or in the "cd-forward" mode. If it is in the "nomal" mode, any cal1 made to 

the corresponding phone number will result in the telephone ringing. However, if the tele- 

phone is in the "cail-forward" mode, any c d  made to the corresponding phone number 

will result in the forwarding of the c d  to another predetermined phone number. In this 

case, the telephone of the subscriber that invoked the "cd-forward" feature will not be 

ringing. The telephone cannot be in both modes at the same time. The telephone remains 
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in a given mode (normal or cd-forward) until the user decides to change it by entering the 

appropriate command on the telephone keypad. 

Other examples include: 

Electroaic watch, which at a first level could be in thne display mode, stop-watch 

mode, timer mode, or alarm mode. At a second level each of these modes breaks down 

into a normal mode or setup mode 

House security system, which nonnailp have two main modes: unarmed and armed. 

VCR which have a normal and a programming mode 

Pacemaker case s t d y  used in [76] as four different modes: an idle mode, an AVI mode, 

a self inhibited mode, and self triggered mode 

One of the characteristics of a mode-oriented component is that the component srays in its 

curent mode until a specific mode toggling event, or message, is sent by a user. Mode tog- 

gling scenarios and functional scenarios are completely decoupled fiom each other. 

Sometimes the different modes are explicitly descnbed Ui the requirements. and some- 

times they corne fiom a design decision. 

Applica bility 

Use the Mode-Oriented Behavior Panem when a component must implement a set of sce- 

narios that apply to different behavior modes. 

Problem 

Implementing (integrating) a large set of scenarios in a single component behavior consti- 

tutes a difficult design problem. Véry often the overd set of scenarios can be divided into 

subsets of scenarios that apply to dinerent behavior modes. There is usuaiiy no direct rela- 

tionship between scenarios contained in the different modes. 
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Forces 

Reduce the number of scenarios to address at once. 

Decouple scenarios that apply to different behavior modes. 

Make the set of modes explicit in the hierarchical state machine. 

Decouple the two main aspects of scenario models: scenario interactions and individual 

scenario description. 

Encapsulate the set of scenarios that apply to a specific mode in a composite state. 

Solution 

The mode-oriented behavior state machine uses a two-level hierarchical state machine 

structure to structure the cornponent behavior: a mode toggling level and a functional scr- 

nario level. In this pattern. the operational scenarios of the systern are encapsdated in the 

second level of the hierarchicai state machine. The fvst level can be viewed as the control 

level of the mode-oriented state machine. Depending of the achial mode of the compo- 

nent, a difTerent set of scenarios c m  be executed. The behavior that results from the recep- 

tion of a message depends of the mode in which the component is. 

The transitions between the different modes, c d e d  mode toggling, differ fiom one system 

to another. In this pattern, we distinguish two dif5erent types of mode toggling: sequential 

mode toggling and explicit mode toggling. 

Two Typa of Mode-Oriented State Machines 

We define two different state machine structures (to be used at the mode togghg level of 

the hierarchical state machine) for mode-onented components: a sequential mode toggling 

state machine and an explicit mode toggling state machine. 



Chapter 4. Behavior Integration Pattern 209 

In the case of sequential mode toggiing, a single toggling event is ~ ~ c i e n t .  In this case, 

the reception of the toggling event will make the component switch to the next mode. The 

m c t u r e  of a sequentiai toggling state machine is illustrated in Figure 95. In this state 

machine structure, the mode composite states are linked together by toggling transitions in 

a circdar marner. 

In this state machine, mode1 is defined as the defauit state, and thus is the one entered by 

the component when it is created. 

FIGURE Mode-oriented bebavior with sequential mode toggling 

l 

In the case of explicit mode toggling, a different toggling event, or message, must be 

defined for each behavior mode. In this case, the reception of a toggling event explicitly 

detemines the mode to which the component must switch. The structure of an explicit 

mode toggling state machine is illustrated in Figure 96. in this state machine structure, 

there is no direct links between mode composite states. -411 toggle transitions are defined 

as group transitions coming from the boundary of the encapsulating =te (called explicit 

mode toggling state in Figure 96) to the specific mode composite =te. 

In this state machine. mode1 is defined as the default state, and thus is the one entered by 

the component when it is created. 
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FIGURE 96. Mode-oriented behavior with explicit mode toggling 

Example 

A simple example of the application of the Mode-Onented Behavior Pattern is given in 

Figure 97. In this figure. the behavior of a TVNCR remote control is illustrated. This 

component behavior is defined using the mode-onented behavior pattern with sequential 

toggling. At the f r m  level, the hierarchical state machine is composed of two composite 

states: a TVmode state (default state) and a VCRmode state. Each of these composite 

states is intemally composed of a state machine that implements the set of scenarios that 

can be executed while being in the mode. The intemal nate maches  of the two modes are 

not illustrated here. 
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FïGURE 97. TVNCR remote control with sequential toggling 

VCR mode 

toggle 

The pacemaker component developed in [76] is an example of mode-oriented behavior 

with explicit mode togghg. This example is illustrated in Figure 98 

FIGURE 98. Modwriented behavior with explicit mode toggling 

Consequeoces 

Reduce the number of scenarios to address at once by partitionhg the overall set of sce- 

narios into subsets that can be addressed in different behavior modes (composite 

states). 

Increase maintainability and extensibiiity by making the set of modes explicit by asso- 

ciating them with a composite state. 
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Decouple the two main aspects of scenario models: scenario interactions and individual 

scenario description (as a sequence of responsibilities). In this case, a composite state is 

defined for each system mode, and the set of scenarios that apply to a mode are encap- 

sulated in the mode composite state. 

The first level of the state machine. called the mode level, is composed of the set of 

mode composite States. At th is  level. the possible transition beween modes is defmed. 

At the second level. each mode separately implements its own set of scenarios. 

Make the set of modes explicit by associating them with a composite state. 

Encapsulate the set of scenarios that apply to a specific mode in a composite state. 

4.6 Mutually Exclusive Scenario Pattern 

The Mutudly Exclusive Scenario Pattern uses a hierarchical state machine mode1 to 

define a component behavior that ensures the munial exclusion of a set of option scenar- 

ios. This pattern provides loose coupling between individual option scenarios by encapsu- 

Iating the details of each scenario in a single composite state. Thus. it allows modifying 

any option scenario without affecthg the others. Also, adding new option scenarios can be 

achieved at a minimal cost. 

Motivation 

In their operational state, red-tirne systems often offer a set of rnutually exclusive b c -  

tiond options. As an example. consider a .  MM system that offers a set of different trans- 

action options that include deposit, withdraw, bill payment, and account update. When 

using the system, the user may choose among the set of available transaction options by 



Chapter 4. Behavior Integration Patterns 213 

pressing the key associated with the desired transaction. ATM machines only allow for the 

execution of one of these options at a time. If a user wants to do more than one transaction. 

helshe has to do it in a sequentiai mannerf and wait for the cornpietion of one transaction 

before triggering another one. 

In terms of scenarios. we descnbe the ATM system using the following transaction scenar- 

ios: 

An abstract Transacrion scenario, which describes the sequence of responsibilities 

cornmon to ail transactions. It uicludes reading the card number, verifjhg the PIN, get- 

ting the user transaction selection, executing the required transaction, printing a receipt 

and returning the card. 

One concrete transaction scenario for each of die different types of transactions offered 

by the ATM system, Le. withdraw, deposit, bill payment, and account update. Each of 

these scenarios describes the details of a transaction. 

Aiso, at the UCM modeling Ievel, the munial exclusion of the scenarios is explicitly spec- 

ified by means of proper scenario documentation. This cm be achieved either by speciQ- 

ing scenario execution constraints or by spec-ing appropriate preconditions. In our ATM 

example, the munial exclusiveness of the transaction scenarios is specified in the transac- 

tion UCM (Figure 85) by means of the nonfictional requirement given at the bonom of 

the textual description associated with the UCM. This constraint specifies that: "There 

could not be more than one active transaction scenario per ATM". 

The problem faced by designers in such a case consists in defining the behavior of the 

ATM central controller in such a way that the mutual exclusion of the transaction scenar- 

ios is ensured. 

Another example of mutuaily exclusive scenarios can be found in fax machines. Fax 

machines have two main options: sender and receiver. These two options are mutually 

exclusive. A fax can send or receive messages, but it cannot do both at the same time. The 
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fxst event received by a fax while being in its idle state determines the mode of the fax 

machine. The fax machine rehuns to its idle state after completing reception or sending. 

Applica bility 

Use the Mutually Exclusive Scenario Pattern when a system m u t  implement (or when a 

component m u t  coordinate the execution of) a set of mutuaily exclusive scenarios. 

Problem 

The general problem faced by designers when they have to integrate a set of munially 

exclusive scenarios consists in defining the behavior of system components in such a way 

that the mutual exclusion of the scenarios is ensured. The MutuaIly Exclusive Scenario 

Pattern provides a solution for this problem. 

Forces 

Ensure the mutual exclusion of scenario execution. 

Make the set of options explicit in the state machine structure. 

Decouple the two main aspects of scenario models: scenario interactions and individual 

scenario description (as a sequence of responsibilities). 

Locality of change. 

Allow for addition of new option scenarios at a minimal cost. 

Solution 

The Mutually Exclusive Scenario Pattern solves the munially exclusive scenario problem 

in the following manner: 
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1. It allocates the control of the whole set of mutually exclusive scenarios to a single corn- 

ponent, called the scenario coordinator (or controller). 

2. It defmes the behavior of the scenario coordinator to only allow the execution of one 

scenario at the time. 

The scenario control allocation is usually done at the interaction diagram modeling level. 

as it constirutes one of the main criteria for the defmition of message sequences. 

i\t the component behavior level, the Mutually Exclusive Scenario Pattern defines the 

behavior of the scenxio coordinator by means of a two-level hierarchical state machine. 

The fist level, called the scenmio option level, describes the relationship berneen indi- 

vidual scenarios, while the second, called the scenario description level, describes the spe- 

cifics of each scenario. 

The scenario option level focuses on establisbg the rnutual exclusion relationship that 

m u t  hold between the scenarios. At the scenario option level each individual scenario is 

encapsuiated in a composite state that contains a state machine describing the steps of the 

scenario. At this level? the choice among the different options is rxplicitly given by the 

structure of the state machine. 

The structure of the scenario option state machine is given in Fimure 99. This state 

machine is composed of the following parts: 

A Pre-Option composite state: This composite state contains the sequence of steps 

that need to be executed before choosing a specific option. This sequence may contain 

some initialkation steps as weil as steps that are comrnon to dl options. Pre-option 

steps are represented here in a composite state for the sake of clarity. However in prac- 

tice, they are ofien not al1 grouped together in a single composite state, but are rather 

expressed as a sequence of States and transitions that lead to the ChooseOption state. 

When the execution of the pre-option steps is completed, the state machine progresses 

to the ChooseOption state. 
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A ChooseOption state: This state represents the point where the component behavior 

waits for the selection of an option. After receiving the appropriate message the compo- 

nent moves to the option choice point. 

An Option choice point: This choice point is defmed in terms of the different options 

offered by the component. Depending on the message received by the component in the 

ChooseOption state? a transition to the requested option state will be taken. 

A set of Option composite states: This set of states contains one composite state per 

option offered by the component. Each of these composite =te machines contains a 

lower level state machine that describes the sequence of steps required by an option. 

A Post-Option composite state: This composite state contains the sequence of steps 

that need to be executed after the execution of a specific option. This sequence may 

contain some termination steps as well as steps that are cornmon to al1 options. Like the 

pre-option steps. post-option steps are represented here in a composite for the sake of 

clarity. However in practice. they are ofien not al1 grouped together in a single compos- 

ite state. but are rather expressed as a sequence of states and txansitions. 

FICCRE 99. Structure of the scenario option state macbine - scenarioOption state 

, 
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The scenario description level focuses on the description of the individual scenarios. At 

this level' each scenario is defined by means of a separate state machine that describes the 

sequence of actions that must executed for the purpose of the scenario. Thus, each individ- 

ual scenario is encapsulated in a composite state. 

The structure of the hierarchical state machine used in ths pattern ailows decoupling the 

rwo main aspects of scenario models: scenario interactions and individual scenario 

description (as a sequence of responsibilities). This pattem allows for locality of change. It 

also allows mainiainhg strong traceability links between scenario models and component 

behavior. Thus. if requirements are modified, only a well-defined (and encapsulated) part 

of the hierarchical state machine will need to be modified. For example. if the require- 

ments of one scenario are modified, modifications will be Iimited to the composite state 

that contained the modifled scenarios. The rest of the hierarchical state machine will 

remain intact. This way maintainability and extensibility are increased. 

h alternate representation (in ternis of hierarchical state machine stnicwe) of the Muni- 

ally Exclusive Scenario Pattern is given in Figure 100. The wo representatïons are equiv- 

dent in tenns of behavior. 
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FIGURE 100. Structure of the scenario option staie machine 
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Example 

Going back to our ATM machine design example' the application of the Munially Exclu- 

sive Scenario Pattern results in the application of the following steps. 

Fksst, we allocate the control of the al1 transaction scenarios, (which include abstract trans- 

action, withdraw, deposit, bill payment, and account update) to the ATM controller com- 

ponent. 

Second, we define the first Ievel state machine of the ATM controlier. The resulting state 

machine is given in Figure 10 1 and Figure 102. 

Third, we integrate the transaction scenario state machines in the ATM coordinator hierar- 

chical state machine. These scenarios are not showed here. 
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FIGURE 101. Operational state of the ATM control cornponent behavior 

- 
'I Operationai 

m 

FIGURE 102. ExecuteOper state of the ATM control component behavior 
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Consequences 

Allows for locaiity of change by using a two level hierarchical state machine structure. 

The fust level describes the set of options. while the second level descnbes the details 

of the different option scenarios. The details of each option scenario are encapsulated in 

a composite state. Thus, modifications to the set of options only impacts at the first 

level, while modifications to an existing option scenario only impact in the composite 

state that encapsulate the modified option scenario. This allows increasing maintain- 

ability and extensibility. 
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The two level hierarchical state machine used in the Munially Exclusive Scenario Pat- 

tern aiiows modifjhg rhe set of system options at a minimal cost. The addition of a 

new option or the removal of an existing one only requires the addition or the deletion 

of an option composite state at the est level of the hierarchical state machine. This pro- 

vides for high maintainability and extensibility of the set of option scenarios. 

Increase component understandabiiity by making explicir ùie set of options. The option 

level state machine makes explicit the set of options by defining a composite state for 

each option (the option composite state is given the name of the system option defined 

in the requirements), and by using a choicepoint in the snte machine structure to 

emphasize its optional nature. 

Facilitate individual scenario modifications by encapsulating each scenario in a corn- 

posite state. The details of each option scenario are encapsuiated in a composite state. 

This allows modifying the behaiior of a scenario without afTecting the behavior of the 

oher scenarios. 

Decouples option scenarios. The fact that different option scenarios are completely 

decoupled fiorn each other ensures that there will be no interaction between them. 

Uses a centrdized approach. which increases the dependence on the controller compo- 

nent. 

4.7 Scenario Interaction Patterns 

Motivation 

In real-tirne systems, scenarios often interact with each other. Different types of scenario 

interaction are possible. In this section, we define a set of design patterns diat deais with 
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different types of basic scenaio interactions. This set of patterns includes scenario compo- 

sition, waiting place, timed waiting place, and scemrio aborting. 

Applica bility 

Real-time systems and any other types of systems diat ailow for scenario interactions. 

Problem 

Many of the important problems that occur in real-time systems are the result of scenario 

interactions. 

One of the difficult problems faced by reai-time system designers is to ensure that the 

overall set of component behavior hierarchical state machines they produce correctly han- 

dles the different scenario interactions. This problem becomes particularly difficult to 

solve when the number of scenarios and the number of scenario interactions become large. 

Forces 

Define hierarchical state machine structure so that individual scenario description and 

scenario interactions are decoupled as much as possible. 

Maintain traceability between hierarchical state machine structure and scenario interac- 

tions in the scenario model. 

The patterns defhed in this section ailow establishing traceability between scenario 

interactions and hierarchical state machine structures. Thus, we can determine where in 

a hierarchicai state machine a scenario intcraction is handled. 
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Solution 

The objective of the design patterns proposed in this section is to defme fragments of state 

machine structure to deal with different types of scenario interactions. These state 

machine fragments be used at dl levels of hierarchical state machines. 

Solutions to the specific types of scenario interaction are defmed in the following four sec- 

tions (section 4.7.1 to section 4.7.4). 

It shouid be noted that dl scenario interactions take place in a component. In the descrip- 

tion of the scenario interaction patterns, we oniy describe the structure of the component 

behavior in which the interaction occurs. This component is the one responsible for han- 

dling the interaction in a correct manner. The behavior of dl other components involved in 

the interacting scenarios is not aBected by the interaction. Therefore, the description of the 

behavior of these components is of no interest in the context of the scenario interaction 

patterns. 

In the description of the diflerent patterns, we use composite state to abstract fiom sce- 

nario details that are not important in the context of the proposed solution. These compos- 

ite States c m  be decomposed when applying the pattern without altering the nature of the 

pattern solution. 

4.7.1 Scenario Composition 

Scemrio composition is a scenario interaction in which the termination of the execution of 

a nrst scenario triggers the stan of the execution of a second scenario. In order to define a 

composition interaction beween rwo scenarios, say S 1 and S2, two conditions rnun be 

verified: 

1. The postcondition of S 1 satisfies the precondition of S2. 
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2. The resulhg event of S 1 is the aiggering event of S?. 

Solution 

M e n  defining the behavior of the component responsible for the scenario composition 

interaction, the designer m u t  ensure that the ~o scenarios will execute sequentially in the 

resulting system, i.e. the terminanon of the fvst scenario will trigger the execution of the 

second one. 

In Figure 103, the structure of the hierarchical state machine of the component responsible 

for a scenario composition interaction is illustrated. This figure illustrates the scenario 

interaction by means of a UCM map. This map contains two scenarios, S 1 and S2, where 

the completion of S1 triggers the execution of S2. Below the UCM mapo the role compo- 

nent behaviors of component C l  in the context of the two scenarios are given. These two 

role component behaviors are composed of three states: a precondition state, a postcondi- 

tion state. and a composite state that encapsulate the seps of the scenarios. 

On the right hand side of the figure, the mucture of the hierarchical state machine of corn- 

ponent C 1 is @en. We observe in this figure that the two independent sequences of states, 

described in the role component behaviors, have been merged into a single sequence of 

states that contains the steps of the two scenarios. We also observe that the postcondition 

of S 1 have disappeared in the merging. This is explained by the fact that when composing 

two scenarios. the postcondition of the first scenario m u t  satisQ the precondition of the 

second one (i.e. the postcondition of the f ist  scenario must be a substate of the precondi- 

tion of the second one). Thus, when merging the two role behavior state machines we only 

keep the precondition of the second scenario. 

Afier getting to the precondS2 state, component C 1 waits for the reception of the r e s u b g  

event of scenario SI. Once this event is received, component Cl continues on with the 

execution of scenario S2. 
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This resulting event m u t  be sent to C 1 by another component involved in the scenario. 

FIGURE 103. Scenario composition 
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4.7.2 Waiting Place 

A waiting place illustrates a point at which a scenario is biocked until an unblocking event 

arrives and allows the scenario to continue its execution. The unblocking event is nor- 

mally generated by another scenario. It could also be introduced by an extemai user of the 

system. Waiting places are used in scenario description to speci@ some type of synchroni- 

zation between two scemios, or beween a scenario and an extemai user. 
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When defining the behavior of the component responsible for the implementation of a sce- 

nario waiting place, the designer m u t  ensure that the execution of the scenario will be 

stopped at the waiting place until the unblocking event is received. S/he must also ensure 

that the generation of the unblocking event by the unblocking scenario will correctly 

unblock the scenario waiàng at the waiting place. 

in Figure 104, a scenario interaction using a waiting place is illustrated. This map contains 

two scenarios: SI that contains a waiting place, and S2 that is responsible for unblocking 

S 1 .  In this case, the waiting place is located in component C 1 - which means that C 1 is the 

component responsible for implementing the waiting place. 

Solution 

This ppe of scenario interaction can be handled by the simple hierarchical state machine 

structure given in the right hand side part of Figure 104. We observe in this figure that the 

responsibilities of scenario SI are grouped in two parts: part1 that contains the responsi- 

bilities that take place before the waiting place. and part2 that contains the responsibilities 

that take place after the waiting place. These two parts of scenario SI are grouped in two 

composite srates in the =te machine of component C 1 that is responsible for implement- 

ing the waiting place. Also, we introduce a waiting-for-unblocking state between the 

two composite States, SI part1 and S l  part2, that encapsulate the responsibilities of s e -  

nario S l. The transition between the waiting-fo-n blocking state and the composite 

state S l  part2 is taken upon the arriva1 of the unblock message. Once the unblock mes- 

sage is received, the execution of scenario S 1 resumes in state S 1 part?. 
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FIGURE 104. Waiting place 
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4.7.3 Timed Waiting Place 

Scenarios can also interact by means of a timed waiting place. This case is similar to the 

previous one, except that while being in the waiting place: ~o different events can occur: 

the nomai unblocking event, and a timeout event. Depending on the received event, two 

different paths can be taken when leaving the waiting place: a nomal execution path that 

is taken if the unblocking event arrives before the timeout evenc and a timeout path that is 

taken if the timeout event arrives first. 

A scenario interaction using a timed waiting place is illustrated in Figure 105. In this fig- 

ure, scenario S 1 contains a timed waiting place that can be unbiocked by scenario S2. The 

timed waiting place of scenario S2 is located in component Cl ,  which means that C 1 is 

responsible for implementing the timed waiting place. 
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Solution 

A solution for implementing timed waiting place interactions is givec in the ri@ h d  

side part of Figure 105. The e s t  part of this solution is similar to the one d e f ' d  in 

section 4.7.2. It splits the responsibilities of scenario S1 in two parts: part1 that contains 

the responsibilities that take place before the waitùig place, and part2 that contains the 

responsibilities that take place after the waiting place. These two pans of scen&o S1 are 

grouped in two composite States in the state machine of component C l :  Slpanl and 

Slpart2. Aiso, as in section 4.7.2, a waithg-for-unblocking state is defmed a d  con- 

nected by a transition to the state S lpartl. 

Then. the second part of this solution is different than the one defined in section 4.7.2. I 

this pattern, we need to set a tirner upon entering the waiting-for-unblockin state. This 

is achieved by defining srare entry action in the waiting-for-unblocking state that sends a 

setlimer message to a timer. Then, depending on the message thar is received one of nvo 

transitions is taken. If the unblock message is received. then the execution of scenario S 1 

resumes as the transition to state S lpart2 is taken. On the other band, if a timeout message 

is received, then the timeout path is executed and the scenario terminates. 
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FIGURE 105. T imed waitlng place 
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4.7.4 Scenario Aborting 

A significant portion of real-time systern scenarios is reiated to aspects such as error 

detection and recovery, intemption, and exception handling. The nature of the interaction 

between those scenarios and nomal operation scenarios is different than the type of inter- 

actions that take place between two normal operation scenarios. 

The main difference is that the triggenng of a scenario of this type interrupts (at lean tem- 

porarily) the execution of ongoing scenarios. For example, in an ATM system, if the user 

presses the cancel button at any tirne before the system starts to process a transaction, the 

system will intemipt the ongoing scenarîo and terminate the session. Another example is 

telephone systems where the occurrence of an onhook event (fiom any of the users) in a 
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two-way telephone cal1 will result in the interruption of any ongoing scenarios, and w5li 

tenninate the call. 

When desienùig component behavior, designers must ensure that the triggering of any sce- 

narios of this type will intempt the execution of ongoing scenarios before executing the 

sequence of responsibilities (activities or actions) required for the interrupting scenario. 

The scenario interruption pattern provides a solution for this problem. 

A scenario aborting interaction is illustrated in Figure 106. In diis figure, the tnggering of 

scenario S2 aborts the execution of scenario S 1. The abort arrow is located in cornponent 

C 1 ,  which means that C 1 is responsible for irnplementing the aborting of scenario S 1. 

Solution 

A state machine structure that allows handling scenario aborting interactions is given in 

the Bght hand side part of Figure 106. 

In this case, the solution consists in encapsulating the interruptible scenario in a composite 

state, and in defdng a group transition from the border of the composite state that lead to 

the execution of the aborting scenario. Therefore, no matter where component Cl is in the 

execution of scenario S 1' the amival of the scenario aborting message a b 0 6 1  will inter- 

rupt the execution of scenario S1 and start the execution of scenario SZ (which is also 

encapsulated in a composite state, sirnply labelled S2, in this case) 

This pattern can also be used in cases where a single scenario can abort the execution of a 

set of scenarios. In this case' the whole set of scenarios that can be aboned are encapsu- 

lated in a single composite state. 
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FIGURE 106. Seenario aborting 
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4.8 More Patterns 

We view the set of patterns defined in this chapter as a starting point for the d e f ~ t i o n  of a 

catalogue of patterns specialized in the design of complex hierarchicd state machines. 

Manu other panems can be defined: 

Concurrent scenarios 

In this case. a solution consists in dlocating the control of each concurrent scenario ro a 
di fferent concurrent component. 

Scenario synchronization 

Unintemiptable scenario (or sequence of actions). 

and so on 
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4.9 Chapter Summary 

In this chapter, we defked a set of design patterns that allow designing the hierarchicai 

state machine of complex components in a systematic manner using scenario models. The 

hierarchical state machines are built in two steps: definition of the state machines associ- 

ated with individual scenarioso and integration of existing state machines into more corn- 

plex hierarchicai state machines. 

From our expenence the patterns defmed in this chapter are highiy reusable. Their usage 

allows: 

Reducing die t h e  required to design compiex component behavior. 

Increasing the quality of the design of complex component behavior. 

Reducing the time required to test complex component behavior. 

Reducing undesired scenario interactions. 

Increasing system maintaiuabiiity and extensibiliq by providing for consistent stnictur- 

ing of hierarchical state machines across a whole system. 

The set of patterns proposed in this chapter is not specific ro the three modeling techniques 

used in this thesis, Le. UCM, MSC and ROOM. They can be adapted for other models 

such as the ones used in UML. 
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duced in iteration 1. Then, section 5.13 describes the second iteration of the printer system 

development. From section 5.1 3.1 to section 5.1 3.6, we illustrate and discuss the difTerent 

models produced during the second iteration. For the sake of conciseness, in the second 

iteration, we only give the resuiting models and discuss their relationship with the models 

of  the previous iteration. In section 5.13.7, we discuss the testhg of the ROOM rnodel 

produced in iteration 2. In section 5.1 3.8, we show how the traceable nature of the RT- 

TROOP rnodeling process can be used to Lx errors discovered in the resting stage. FinaIly? 

we summarize in section 5.14. 

5.1 Requirements 

The curent case snidy consists in developing a simple printer -stem? called PrinterSys- 

tem. PrinterSystem is composed of two cornponents: a printer driver and a printer. 

The printer dnver component is responsible for: 

Controllhg the execution of the different scenarios. 

Managing printer requests. 

Feeding the printer with file characters obtained fiom the file system via its standard 

interface. 

Ensuring that at the termination of each printing request (no matter if the p ~ t i n g  termi- 

nates normally or is interrupted), the requested file is closed and the pruiter is released. 

The p h t e r  cornponent is responsible for printing the characters received eom the printer 

dnver. 

The environment of PrïnterSystern is composed oE 
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-4 user who entes p ~ t e r  cornmands 

A Ne system by which files are accessed 

A piece of paper on which the characters are printed 

The file system provides the usual set of file handling functions which include: 

openRead fileName, which opens the file fileName in the reading mode. If the file is 

successfulIy placed in the reading mode, then the fileopened message is rehuned. 

Otherwise, an error message is returned (there exist different types of errors message). 

close fiIeName' which closes the file fileName. If the file is successfully closed, then 

the fileClosed message is retumed. Otherwise. an error message is returned (there 

exist different types of enors message). 

readNextChar fileMme. which reads the next character of the file fileName. If the 

next character is successhilIy read, then this character is retumed. If end-of-file is 

reached in fileName! then an eof message is retumed. Othemise, an error message is 

retumed. 

m e r  functions like openwrite, write, and concatenate are also defined. 

For the purpose of this case study, we abstract kom the queueing mechanism that is 

required in PrhterSystern to handle multiple printing requests. We only consider one 

request at the tirne. If PrinterSystem is busy printing a file, it 14111 simply reject other 

printing requests. ïhe addition of a printer queue could be addressed in a fuhue iteration. 

PrinterSystem Scenarios 

The cunent case snidy is concemed with the implementation of four main scenarios: 

P rintFile, which describes the seps required to print a requested file 

StopPrinting, which describes the seps required to stop the printing of a file 

StartUp, which describes the steps r e q d  to bring the system to its operational state 
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Shutdown, which describes the seps required to shutdown the sysrem 

Following the approach proposed by the scenario partitionhg process pattern 

(section 4.3), we split the four scenarios into two scenario clusters: one containing the 

operational scenarios and one containing the control scenarios. In this case study, each 

scenario cluster is addressed in a separate iteration. 

-4s previously rnentioned, the development of this case study is conducted in two itera- 

tions. In ternis of scenarios, the content of the iterations is defmed as foilows: 

Iteration 1 is concemed with the implementation of the operational scena~ios~ namely 

the PrintFile and StopPrinting scenarios. Alternatives to these NO scenarios are not 

considered in this iteration. 

Iteration 2 is concemed with integration of the control scenarios: the Startl.Jp and 

Shutdown scenarios. Again, alternative scenarios are not considered in that iteration. 

The scenario content of the iterations has been chosen to illustrate different aspects of the 

RT-TROOP modeling process. The first iteration illustrates the d e f ~ t i o n  of RT-TROOP 

models fiom scratch, while the second iteration illustrates die integration of scenarios that 

relate to different aspects of the system (operational and control). Also. in the second iter- 

ation, we show how the traceabiiity maintained by the RT-TROOP modeiing process can 

be used to modify system models in a consistent manner. 

5.1.1 STDs for Iteration 1 

PrintFile Scenario 

ï h e  PrintFile scenario may be triggered at any tirne when Pn'nterSystern is ide. To start 

the printing of a file, the user entes the print command together with the name of the file 
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to be printed, fileName. As a resuit of the print command, the system h s t  performs the 

initialization responsibilities required for the printing of the file, and then enters the print- 

h g  loop until end-of-file is reached. The initialization of the printing consists in request- 

ing the printer and opening the file to be printed. The printing loop consists of the 

followuig sequence of responsibilities: get next character fiom the file system and print 

the character. Once end-of-file is reached. the printer is released and the file fileName is 

closed. The STD foxmat of the PrintFile scenario is given in Figure 107. 

FIGURE 107. PrintFile STD 

1 Description: Scenario describine the steps required to print a file. 

1 Exterml Actors: User, File System 

l ' Triggering event: A user enters the print command together with the name of the file to be 
p ~ t e d  

1. Receive the pflnt command together with the name of the file to be printed fiom the 

l 
user 

2. Request the printer 

3 .  Openthefile 

4. Execute the printing loop until the EOF event is received fiom the file system. This 
Ioop consists of the folIowing steps: 
- get the next character 
- if not EOF, then print the character on paper 

5. Release the printer 

6. Close the file 

- - - 

Resulting event: The file is printed 
> 

Alternatives: 
- If PrinterSystern is busy printing, then the print request is rejected. (Not included) 
- If the printer is mavailable for printing, then the print request is rejected. mot included) 
- If the file cannot be opened, &en the print request is rejected. In this case, the printer 
previously requested must be released. (Not included) 

Comments: 
- Steps 5 and 6 cm be inverted. 

J 
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StopPrinting Scenario 

The StopPrinting scenario may be niggered at any time when PrinterSystem is in the 

state of printing a file. The StopPrinting scenario is tnggered by the entry of the stop 

command, together with the name of the file, fileName, that is being printed. On the 

reception of the stop command, the printer is rcleased and the file fileName is closed. 

FIGURE 108. StopPrinting STD 

Description: Scenario describing the steps required to stop die printin; of a file. 
- 

1 Extemal Afton: User, File Systern I 

Triggering event: A user enters the stop command together with the name of the file that is 
be ing print ed 

I 

1. Receive the stop command together with the name of the file that is being printed 
from the user 

1 2. Release the phter  I 
1 3.  Close the file 1 

Postcondition: PrinterSystem returns to its idle state 

Resulting event: The printing of the file is cancelled 

Alternatives: 
- If the name of the file entered by the user does not correspond to the name of the file that is 
behg printed. then the stop request is rejected. (Not included) 

Nonfunctional requirernents: 

Commenu: 
- The reception of the stop command stops the printing of the file that is being printed 
- Stem 2 and 3 can be inverted. 
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5.2 From STD to UCM (Iteration 1) 

The objective of this model transition is to produce a UCM related path set for each STD 

contained in the STD model. In PrinterSystem, we have two STDs: Print File and Stop- 

Printing. 

PrintFile Related Path Set 

In Figure 109, the UCM related path set corresponding to the PrintFile STD is illustrated. 

We observe that the UCM path described in this figure is composed of three distinct parts: 

An initialization p a n  which is composed of the srart point tel and two responsibilities. 

setPrinter (al): This responsibility essentially consists in initializing the printer for 

openFile (a2): This responsibility consists in opening the file to be printed in the read- 

hg mode. 

A print character loop part, which is composed two responsibilities. 

getNextCharacter (a3): This responsibility consists in reading the next character fiom 

the file that the system is currently printing, 

prin tC ha rade r (a4): This responsibiiity consist in printing the character received on 

paper @aper component in the diagram). 

A termination part, which is composed of the end bar associated with re l  and w o  

responsibilities. These two responsibilities can be executed in any order. 

releaseprinter (a5): This responsibility consists in a set of printer activities that are 

required to complete the printing job and r e m  the printer in the idle state. 

closeFile (a6): This responsibility consists in closing the printed fiie. 
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The PrintFile scenario is triggered by the reception of the print command with the name 

of the file to be printed. The precondition associated with the start point te1 states that the 

parh will ody start if the state of PrinterSystem is idle, and the postcondition associated 

with the end bar rel states that PrinterSystem will be placed in the idle state after the 

completion of the PrintFile path. The termination part d l  be executed once end-of-file is 

reached in the file to be printed. 

FIGURE 109. PrintFile UCM 

te 1: print message with the name of the file to be printed @re-condition: die l n e m  is in the idle state) 
re 1: phring completed (post-condition: the system r e m s  in the idle state) 
a 1 : request printer 
a2: open file 
a3: get next character 
a4: print character 
a5: release rinter 
a6: close fii 

StopPrinting Related Path Set 

In Figure 11 0, the UCM related path set conespouding to the StopPrinting Sn> is illus- 

trated. This related path set is composed of a single path, which contains the start point 

te2, end bar re2, and wo responsibilities: 

releaseprinter (a5): This responsibility consists in a set of printer activities that are 

required to complete the printing job and return the printer in the ide state. 
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closefile (a6): This responsibility consists in closing the printed file. 

As in the case of the PrintFile related path set, these two  responsibilities can be executed 

in any order. 

This path is triggered by the entry of the stop cornmand with the name of the file that is 

being printed. This scenario can only be triggered if PrinterSystem is in the printing state 

@recondition). As a result of executing the StopPrinting path, PrinterSystem will be 

reninied in the idle state @ostcondition). 

-41~0' the execution of this path must interrupt the execution of the PrintFile UCM (related 

path set). 

FIGURE 110. StopPrinting UCM 

( PrinterS yste 

t e 2  stop printing @re-condition: printing state) 
re2: printing stopped (post-condition: the synem is ~turned to the idle sme) , 

as: release rinter 
a6: close fig 
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5.3 UCM Modeling Phase (Iteration 1) 

The objective of the UCM modelirig phase is to integrare the unbound UCM related path 

sets defmed in the previous phase in the UCM model of the system. In this case. we need 

to integate two related path sets: PrintFile (Figure 109) and StopPrinting (Figure 110). 

In this modeling phase, we: 

Restructure the UCM related path set to introduce stubs. 

Defme system components. 

Define interaction between paths. 

Allocate responsibilities to the different components. 

-4s mentioned in section 3.4, the order in which these different elements are ùitroduced in 

the UCM model varies. In the present case, the modeling activities are carried out in the 

order they are descnbed above. 

Introducing Stubs 

The first thing we do in this phase is s i m p l e  the UCM related path sets produced in 

section 5.2 by introducing two stubs. The fîrst one, called getResourcesy describes the 

sequence of responsibilities that m u t  be executed before e n t e ~ g  the printing loop, Le. 

the openFile and requestprinter responsibilities of the PrintFile scenario. 

The second one, called releaseResources. describes the sequence of responsibilities that 

m u t  be executed when exiting the printing loop. i.e. the closeFile and releaseprinter 

responsibilities. This stub is used in both related path sets. 
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The nuo stubs are iilustrated in Figure 112. The two related path sets that resuit fiom the 

introduction of the stubs are illustrated in Fimure 1 1 1. 

FIGURE 111. Relatcd path sets of the PrinterSystern UCY mode1 

PrintFile UCM 

FIGüRE 112. PrinterSystem stubs 

GetResources UCM (SI) 

1 Printer System 
n 

StopPrinting UCM 

ReleaseResou rces UCM (S2) 

n 

al : request printer 
a2: open file 

a 5  release printer 
a6: close file 

Cornponent Definition 

In the requirements of PrinterSystem, the set of components that compose both the sys- 

tem and its environment are specified. PrinterSystem iç composed of two components: 

printerDriver, which is responsible for controllhg the printing process 

printer, which offers the standard printer functionality 

These two components coiiaborate together to provide the overall functionality of the sys- 

tem. 
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The environment of PrinterSystem is maidy composed of ùiree components: 

user that can generate two different events: p m t  and stop 

filesystem with which PrinterSystem cornmunicates to get the characters to be 

printed 

paper on which characters are printed 

The resulting component context diagram is given in Figure 1 13. 

FIGL. 113. The PrinterSystem and its environment 

fileSy stem cl 
Responsibility Allocation 

We can now describe the different scenarios of PrinterSystem in the context of the corn- 

ponent cantext diagram using the UCM notation. Figure 114 through Figure 1 17 illustrate 

the bound version of the four UCM maps previously defmed in Figure 11 1 and Figure 1 12. 

In the texnial description of the scenario given in the system req-kements, no explicit 

responsibility allocation is provided. However, it is mentioned in the system requirements 

that the printerDriver cornponent is responsible for controlling the printing process, and 

that the printer component must be modeled has a generic commercial printer, and there- 

fore provides the usud p ~ t i n g  functiodity. It is also mentioned that files are access 

through the existing filesystem for which a set of exining functions is given. As men- 
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tioned ic section 3 .J.& the role description of the system components consritutes the main 

information used for the purpose of responsibili~ allocation. 

FIGURE 114. PrintFiIe UCM 

te 1 : stztn priming (pre-condition: the system is in the idle state) 
re i : printing compkted (post-condition: the system r e m s  in the idIe state) 
s 1 : get resources srub (request printer, open file) 
52: release resources stub (release prime? close file) 
a3: get next characrer 
a3: print charmer 

FIGURE 115. getResources UCM (SI) 

a 1 : request printer 
a ~ :  open file 
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FIGURE 116. releaseResources UCM (S2) 

/"ET rn - u 
PrinterS y stem 

File pmterilriver L printer 

a5: release printer 
a6:-close file 

r ~ n n t e r ~ ~ s t e m  . 

te21 stop p r h ~ g  @re-condition: printing nate) 
re2: p ~ t i n g  nopped (post-condition: the system is returned to the idle state) 

1 
$2: release resources 

printer 

L 

Define Scenario Interaction 

Figure 11 8 illustrates the global compound UCM map of PrinterSystem. In this UCM, 

the two scenarios that compose PrinterSystem are cornposed together in a single dia- 

gram. The intempt printing loop responsibility previously described in prose is now visu- 

ally expressed using the abort spbol  (*). The abort, in this case, expresses the 
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interaction between the two paths. Also, since both paths contain the release resources 

smb, the two paths have been coupled at the releaseResources stub location. 

FIGURE 118. Composite UCM Map of the PrinterSystem 

te 1: start printing @re-condition: the system is in the idle srare) 
t e 2  stop p r i n ~ g  @re-condition: printirtg srate) 
re 1 : pMting completed (pst-condition: the systern r e m s  in the idle nate) 
re2: printing stopped (post-condition: the system is renuned to the idle srare) 
s 1 : get resources stub (request printer, open file) 
s2: release resources stub (release printer, close file) 
a3 : =et next character 
a4: print character 

Final UCM Mode1 of PrinterSystem 

The UCM model is at this point completed. The composite UCM of Figure 11 8, together 

with the two UCM stubs described in Figure 1 15 and Fi-mire 1 16, form the complete UCM 

model of PrinterSystem. Once validated, 'bis model is used to define the MSC model. 
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5.4 Transition from UCM to MSC (Iteration 1) 

We now defme the specification MSC mode!. This modzling phase procerds in nvo seps: 

1. Generation of MSC Skeletons 

2. D e f ~ t i o n  of Message Sequences 

In the following three sections we apply these steps. 

5.4.1 Generation of MSC Skeletons 

This srep is composed of two steps: 

Generation of HMSCs 

Generation of Basic MSC Skeletons 

The input for the MSC phase is the set of UCM related path sets descnbed in section 5.3. 

PrinterSystem is composed of two UCM related path sets: the PrintFile UCM related 

path set and StopPrinting related path set. The two related path sets are illustrated in 

Fi-we 1 19. 
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FIGURE 119. Related path sets of the PrinterSystem UCM model 

PrintFile UCM StopPrinting UCM 

5.4.1.1 Generation of HMSCs 

The goal of this step is to generate one M S C  for each related padi set contained in the 

UCM model. Hereafter, we discuss the generation of a HMSC for each of them. 

Prin tFile HMSC 

The generation of the PrintFile HMSC fkom the UCM given in Figure 114 is illustrated in 

Figure 120. We observe in this diagram that: 

A MSC reference (rounded rectangles) is created for each path segment contained in 

the use case map. 

The structure of the UCM path segments is expressed in the resulting HMSC. 

The pre and post conditions associated with the UCM path (or more generally with the 

UCM related path set) are explicitly introduced in the system mode1 at this stage. 
C 

Also, we observe that the component information (i.e the component context diagram), 

contained in the UCM is not present in the HMSC. 
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FIGURE 120. Generation of the PrintFile HMSC 

I r - l  

postcondition 6 
(a) UCM PrintFile 

In order to obtain a more expressive MSC model, we renarne the different UCM parh seg- 

ments (and consequently the different MSC references). Figure 121 gives the HMSC 

obtained fiom Figure 120 by renaming the different path segment according to the role 

they play in the overall scenario expressed by the UCM. The new identifier given in this 

figure will be used fiom now on, in this section, to refer to the different path segments and 

corresponding basic MSC. 

FIGüRE 121. Renamed PrintFile HMSC 

msc PrintFile 

p rintC har 
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StopPrinting HMSC 

Since the StopPrinting UCM is composed of a single path segmea the generation of a 

HMSC is not required. In such a case, we directly generate a basic MSC fkom the UCM. 

5.4.1.2 Generation of Basic MSC Skeletons 

In the previous step, a HMSC has been produced for the PrintFile UCM. This HMSC con- 

tains four MSC references. The goal of this step is to produce basic MSC skeletons. In the 

context of Printersystem, we need to create seven basic MSCs: four for the PrintFile 

UCM, i.e. one per path segment (or one per MSC reference contained in the HMSC), one 

for the StopPrinting UCM, and one for each stub. 

The resulting basic MSC skeletons are given in Figure 123, Figure 123. Figure 121. 

Fi-mire 175- Figure 126, Figure 127, and Figure 128. The basic MSC skeletons given in 

these figures are composed of the five components that compose PrinterSystem and its 

environment. Also, PrinterSystemo which is composed of printerDriver and printer 

components, is delimited from its environment, which is composed of user, fileSystern, 

and paper components. 

In these figures, we observe that: 

One component instance is created in the MSC for each component defmed in the 

UCM related path set to which the MSC relates. 

Each UCM responsibility is placed on the axis of the component to which it has been 

allocated in the UCM model. 

The identifiers (labels) used in the different basic MSC skeletons are the same as the 

ones used in the UCMs. This ensures traceability between MSC and UCM. 

In the foIlowing of this section, we separately describe the basic MSC skeletons associated 

with the PrintFile scenario and the one associated with the SopPrinting scenario. 
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PrintFile Basic MSC Skeleton 

In Figure 122, Figure 124, Figure 125: and Figure 126, a basic MSC skeleton is provided 

for each MSC reference contained in the HMSC of Figure 12 1. Also, the basic MSC skel- 

etons generated fiom the two UCM shibs are illustrated in Figure 123 and Figure 127. 

In Figure 122. the setupPrinting basic MSC skeleton is given. In this basic MSC? an idle 

initial state is defmed according to the precondition of the setupprinting segment of the 

PrintFile UCM. Also, a triggering event message (print) mow is defined. Since the Print- 

File scenario is initiated by the user, this arrow is comected to user component on its 

sender side. However. since the receiver component uithin the Prin t e 6  ystem bas not 

been yet defined. the receiver side of the arrow is comected to the Printersystem fiame. 

The data type FileName associated with the print message is defmed in the message data 

box located below the basic MSC skeleton. 

We aiso observe that the UCM stub GetResource is represented in the MSC skeleton by 

means of a MSC reference. The MSC skeleton that corresponds to the GetResource stub 

is given in Fi-we 123. The stub GetResource is composed of two responsibilities, a l  

and a2. esecuted sequentially. 

FIGURE 122. setu pPrin ting basic MSC skeleton 
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FIGURE 123. getResources basic MSC skeleton 

UCM Stub S1 
71 I r 1  

In Figure 124 and Figure 125, the getNextChar and printchar basic MSC skeletons are 

given. These two basic MSC skeletons only contain a single responsibilitv, which are 

respectively a3 and a4. 

F I G b n  124. getNextChar basic MSC skeieton 

UCM PrintFilc IUI:,,C/ 
Syncm 

rc f, 

FIGURE 125. printcbar basic MSC skeleton 

YSC pnnChar 1 T 
t 

In Figure 126. die terminatePrinting basic MSC skeleton is given. In this basic MSC 

skeleton, we observe that the UCM stub is mapped onto a MSC reference. We aiso 

observe that even if this path segment corresponds to a UCM path segment that contains 

an end bar, no resulting event message arrow is defmed. That is because the execution of 
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the PrintFile scenario does not teminate by sending back a resulting everir. Finally, an 

idle terminating state is defined in the basic MSC skeleton according to the postcondition 

of the teninatePrinting segment of the PrintFile LCM. 

FIGURE 126. terminatepriating basic MSC skeleton 
L'CM PrintFile 

1 MSC mminstePnnting 1 PrintaSvnmn 1 I 

release resources 
I 

The releaseResources stub is described in a separate basic MSC skeleton (Figure 127). 

In this basic MSC skeleton, the two parallel path segment of the releaseResources 

UCM map (Figure 11 6)  are expressed using the MSC parallel inline expression (box w i h  

"par" indicated in the top left corner). 

FIGURE 127. releaseResources Basic MSC skeleton 

UCM Stub S2 

StopPrinting Basic MSC Skeleton 

In Figure 128, the basic MSC skeleton generated fiom the StopPrinting UCM 

(Figure 117) is given. The StopPrinting MSC is initiated by the user sending of a stop 

message to PrinterSystem. Then, the printeroriver initiate the execution of the 
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releaseResources stub. T h i s  UCM stub is the same as the one executed in the termi- 

nateprinting MSC (see the description of the teminatePrinting MSC for details). 

As in the case of the setupprinting basic MSC skeleton, the triggering event message 

arrow (stop) is connected on its sender side to user? and is comected on its receiver side 

to the frame of PrinterSystem. 

We observe that, in this case, the system states (initial and fmal states), which correspond 

to the UCM pre and postconditions, are defined in the basic MSC skeleton. while in the 

previous case (PrintFile MSC) tey where defined in the HMSC. Because in this case there 

is no HMSC, we defme the system states in the basic MSC. 

FIGURE 128. StopPrinting basic MSC skeleton 
UCM StopPrinting 

171 

release resource 

ILI.:, 

5.4.2 Definition of Message Sequences (Iteration 1) 

The goal of the message sequence definition step is to express each of the responsibilities 

contained in the basic MSC skeletons in ternis of message sequences. The result of this 

step is the production of the specification MSC model of the system. This MSC model 

only contains components, synem states, and message anows. 
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In diis section, we illustrate the definition message sequence for the two PrinterSystem 

scenarios: PrintFile and StopPrinting. 

PrintFile MSC 

In Figure 129, Figure 130, Figure 13 1 Figure 132, and Figure 13 3 the different UCM 

responsibilities expressed in the basic MSC skeleton of Figure 122, Figure 123. 

Figure 124, Figure 125, Figure 127, and Figure 126 are refined and descnbed by means of 

message sequences. 

In the setupPrinting basic MSC given in Figure 129, the niggerinp event message arrow? 

on which the print message is sent, has been comected to the printerDriver. 

FIGURE 129. setupprinting basic MSC 

File get resources 

- 
Message Data Box 

pnns FileName 
4 

I 

In Figure 130, the getResources basic MSC is illustrated. In this figure! responsibility 

a l  (requestprinter) is refined as two successive messages: a printerffequest message 

sent ffom printerDriver to Printer, and a printerReady message sent froio the printer to 

the printerDriver. Responsibility a2 (openFile) is aiso refined as two successive mes- 

sages: an openFile message sent fkom printerDriver to filesystem, and a fileopeneci 

message sent fiom the filesystem to the printerDriver. 
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FIGURE 130. getResources basic MSC 

UCM Stub S1 
rn rn 

Message Data Box 
openFilc; FileName ! 

In the getNextChar basic MSC given in Figure 13 1 ,  responsibility a3 (get next char) is 

refined as a readNextChar sent fiom the printerDriver to the filesystem, followed by 

either a nextChar message or a eof message sent by the filesystem to the printerDriver. 

The alternative between the two possible messages is expressed using the MSC inline 

alternative expression (box with "alt" indicated in the top left corner). The inline alterna- 

tive expression contains, in this case? two alternatives: one for the nextChar message, and 

one for the eof message. 

As expressed in the HMSC of Figure 121, the basic MSC that will be executed afier the 

getNextChar MSC depends on the message sent back by the filesystem. If a nextChar 

message is sent back then the printChar MSC wili be executed, otherwise if an eof mes- 

sage is sent back the terminatePrinting MSC d l  be executed. 
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FIGURE 131. ge~YextChar basic MSC 

UCM PrintFile 1""1 
msc getVextChar I h t e r ~ ~ s t e r n  

fileSvstem printer~nver printer 
1 - 7  

Figure 132 gives the refmement of responsibility a4 @Mit character). This responsibility 

is refmed by two successive messages: a print message sent by printerDriver to printer 

followed by a char message sent fiom printer to paper. 

FIGURE 132. printchar basic MSC 

11 
print; Charmer I 

1 char. Character l 

Figure 133 gives the terminatepnnting basic MSC. Since there were no responsibilities 

in the terminatePrMing basic MSC skeleton, this basic MSC is identical to the basic 

MSC skeleton (Figure 126). 
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FIGURE 133. terminateprinting basic MSC 

UCM PrintFile 

release resources 
1 I 

The HMSC of Figure 121 together wilh the set of basic MSCs described in Figure 129, 

Figure 13 1 ,  Figure 132 and Figure 133 constitute the first version of the PrintFile MSC. 

In Figure 134. the releaseResources basic MSC is illumated. In t h i s  figure, responsibil- 

ity a5 is refined as a single printerRelease message sent from printerDriver to Printer, 

whiie responsibility a6 is refmed by a closeFile message sent from printerDriver to file- 

S ystem. followed by a fileclosed message sent back from SleSystem to printerDriver. 

We recall that these two responsibilities are executed in parallel. 

FIGURE 134. releaseResources basic MSC 

msc releaseResources 
I Printer~vstern 

r a 6 u - .  - r - - - 1 cfo e de 
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In Figure 135, the t r i g g e ~ g  event message mow of the StopPrinting basic MSC skele- 

ton is connected to printerDriver. The resulting MSC constinites the first version of the 

StopPrinting MSC. The releaseResources basic MSC is given in Figure 134. 

FIGURE 135. stopprinting basic MSC 

C'CM StopPrinting FI i'""1 I user filesystem pMterDnver , , 

pMter I paper l 7- rT i-? -r 

release resources 

r ~ e s s a ~ e  Data Box 3, / nop: FileName i 

5.5 Specification MSC Modeling (Iteration 1) 

In this case study, because of the simplicity of PrinterSystem, we do not need to intro- 

duce any new component at this stage. There is no need to restructure the MSC mode1 nei- 

ther. 
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5.6 From MSC to ROOM Structure (Iteration 1) 

At this stage, we need to define the ROOM structure of PrinterSystem. The goal of this 

step is to produce a ROOM role StNcture for each related path set1 defmed in the specifi- 

cation MSC model. 

The definition of ROOM role structures is conducted in four steps: 

1 .  Definition of role actors. 

2. Identification of communication. 

3. Definition of protocol classes. 

4. Definition of the contracts. 

In this section, we use these three steps to produce the ROOM role structures required for 

the execution of the PrintFile MSC (or scenario) and the StopPrinting MSC (scenario). 

Prin tFile 

Definition of Role Actors 

In this step, we defme the set of role actors that compose the system under development, 

which in the present case is PrinterSystem. The extemal entities are Ieft out. 

In Figure 136- the role actors of the PrintFile scenario are given. 

1.  By related path set we mean the MSC that is associated with a UCM related path set. This MSC is a 
HMSC associated with a set of basic MSCs if the UCM related path set it represents contains more than 
one paths segment, or a singie basic MSC otherwise. 
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PrinterSystem 
class: PrinterSystem 

t 

printerDriver 
class: PrinterDriver 

FIGURE 136. printFife role actors 

1. 
class: Prin ter 

Communication Identification 

In this sep,  we capture the inter-component communication required for the execution of 

the PrintFile MSC (figures 129 to 133) in a communication diagram. The resulting com- 

munication diagram is given in Figure 137. In this case, the execution of the MSC requires 

communication between: user and printerDriver (one-way communication), printer- 

Driver and filesystem (two-way communication), prÎnterDriver and printer (two-way 

communication), and printer and paper (one-way communication). The messages 

involved in the different communications are given at the bottom of Figure 137. 
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FIGURE 137. printFile communication diagram 

a print a openfile. reamu'cxrChu, closeFile a fileOpened, nextchar. cof, fileClosed 
@ printerRcquest, print printerRclcase a printerReady, a char 

Protocol Class Definition 

We now define the set of protocol classes that will be used to defuie the different contracts 

required in the PrintFile ROOM role structure. The main decisions that need to be taken at 

this stage concem the logicai grouping of the different messages identified in the commu- 

nication diagram of Figure 137 into protocol classes. 

In the case of the PrintFile scenario. we decide to define only one protocol class per pair 

of communicating components. Therefore, we goup al1 the messages exchanged between 

the two components in one protocol class. Thus, four protocol classes are created. The 

resulting protocol classes are given in Figure 13 8. 
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FIGURE 138. Definition of printFile protocol classes 

Protocol Class User-PrinterDriver 
{in:{ {print; FileName)) 1 

1 (in:( {openFile: FileName), (readNext- 1 
Char, FileName), {closeFile; File- 

j Name)) 
/ out: { {fileOpened), {ncxtCh; Character} , 1 
fi (eof) ,  {fileClosed}) 1 

~ r o p  
( in: { { p~terRequcst) ,  { p ~ t ;  Character), 

(printerReIease}: . 

out: { {printerReady } 

Protocol Class Printer-Prper 
{in: ( {char; Character) ) 
1 

Contract Defmition 

A ROOM structure is composed of a set of components (actors) and a set of connacts that 

bind cornponents together in a communication topoiogy. .At this srage, the set of system 

components is already defined. Therefore, contracts are the only missing mode1 elements 

to the ROOM structure. Moreover since the required protocol classes have been defmed in 

the previous step, we have al1 the information needed to completely define the ROOM 

structure associated with the PrintFile MSC. 

The goal of this step is to use the different protocol classes defmed in Figure 138 to defme 

the required conmcts. In this case, we defme four contracts: one between user and 

printerDriver, one between printerDriver and filesystem, one between pfinterDriver 

and Printer, and one between printer and paper. 

The resulting ROOM structure is given in Figure 139 together with the relationship that 

exists between the different contracts and protocol classes defined in the previous sep 

(Figure 138). In this ROOM structure, the relay ports of PrinterSystem are labelled using 

the name of the extemal (environment) components to which they correspond, and the dif- 

ferent contracts are labelled as bl ,  b2, b3 and b4. Also, the ports of the intemal compo- 

nents, i.e. printerDrivsr and Printer, are labelled accordhg to the component to which 

they are connected. Thus' the ports of the printerDriver are labelled ulnt (user Interface), 

fslnt (filesystem Interface) and plnt (pflnter Interface), and the ports of the printer 

have been labelled palnt (paper Interface) and pdlnt (printerDriver Interface). 
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We observe that the environment cornponents (user, filesystem and paper) that were 

illustrated in the previous models of the system are no longer illustrated in the ROOM 

structure of PrinterSystem. That is because fkom this step on, we shift the focus to Print- 

erSystem itself. The environment components were illustrated in the previous models of 

the system mainly to help to understand the relationships (communication) that exin 

between PrinterSystem and its environment. As a result, the different protocol classes 

that are required to enable the communication between PrinterSystem and its environ- 

ment have been defined. We now concentrate on the development of PrinterSystem itself 

and its internai components. 

FIGURE 139. ROOM role structure required for the priatFiie UCM 

Relationship between 
Contracts and Protocol CIasses 

b l  i ~ 4  1 Coatnct Protoc01 Ciass 
1 b l  -) User-RuiterDriver 1 b2 + PrinterDriver-FileSyst 1 

ulnt I b3 + PrinterDriver-Printer 1 1 b4 + PrinterPaper fsInt 
pInt l 

printerDriver - PrinterS y stem 

StopPrin ting 

Definition of Role Actors 

The ROOM actors that play d e s  in the StopPrinting MSC are the same that the ones 

defined for the PrintFile MSC (Figure 136). 

Communication Identification 

The communication diagram of Figure 140 captures the inter-component communication 

required for the execution of  the StopPrinting MSC given in Figure 135. In rhis case, the 

execution of the MSC requires communication between user and printerDriver (one-way 
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communication), printerDriver and filesystem (two-way communication), and printer- 

Driver and printer (one-way communication). The messages involved in the different 

communications are given at the bottom of Figure 140. 

FIGURE 140. stopprinting communication diagram 
1 

t 1 

PrinterSyste 

printerDriver 
prin ter 

Protocol CIass Definition 

We now define the set of protocoi class that d l  be used to define the different contracts 

required in the StopPrinting ROOM role structure. As in the case of the PrintFile MSC 

we define only one protocol class between each pair of cornmunicating components. The 

resulting protocol classes are given in Figure 141. 

F1GC'RE 141. Definition of stopprinting protocol classes 

Protocol Class User-PrinttrDriver 
fin :;sopl) 4 
{in: C { cIoseFiIe; FileName) ) 
out: { t fileClosed) ) 

i l  
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Contract Definition 

In this step, we use the protocol classes given in Figure 141, to define the different con- 

tracts required to defme the ROOM role structure associated with the StopPrinting MSC 

(Figure 128). 

The resulting ROOM structure and the relationship between connacts and the protocol 

classes defined in Figure 141 are given in Figure 142. The labelling of the different ele- 

ments that compose the ROOM structure is done in same the way as it was done in the 

ROOM role structure associated to the PrintFile MSC (Figure 139). 

FIGURE 142. ROOM mle structure required for the stopPrinting UCM 

Relationship between 
Printer Sy stem Contracts and Protocol Classes 

Contract Protocol Class 
b 1 + User-PrinterDriver 

printer b2 -b PrinterDriver-FileSyst 
b3 -) PrinterDriver-Primer 1 

pdht 
r 

5.7 ROOM Structure Modeling (Iteration 1) 

The objective of th is  step is to integrate the role structures defmed in the previous model- 

ing phase in a global ROOM structure mode1 of the system. 

To produce the global ROOM structure, we need to: 

1. Define the set of system actors (the actors are defined in terms of the set of roles they 

play in the overail system). 
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2. Define the set G: system protocol classes. 

3. Define the set of system contracts. 

Definition of System Acton 

The actors that compose the final ROOM structure are obtained by integrating the differ- 

ent role structures. In this sep, an actor is defmed in ternis of its actor class and the set of 

roles it p lay  in the different role smictures. The two actors that compose PrinterSystem 

are given in Fieure 143. 

FIGURE 143. PrinterSystem actors 

1 Prin terSvstem 
ciass: ~ h n t e r ~ ~ s t e r n  

printerDriver 
class: PrinterDriver 
roles: 
printerDriver in PrintFile 
printerDriver in StopPrinting 

ciass: Printer 
roles: 
printer in PrintFile 
priater in StopPrinting 

Definition of System Protocol Classes 

Using the information contained in the different role protocol classes defined in 

Figure 5.6, we now define four final prorocol classes that will be used to defme the global 

ROOM smicture of PrinterSystem. 

The resulting set of final protocols are given in Figure 144. 
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FIGURE 144. PrinterSystem protocol classes 

ProtocoI clash 
{in: ({print; FileTu'arne), {stop) ) 
} 

j Protocol CC 1 (in: f { pMterRequest), {print: Character), 
{ printerRelease} ) 

1 1 out: { ( printerReady ) } 
Protocol Clus FileSystcnInterface 

(in: { {openFile; FileName), (readNext- 
t Char, FileName), {closef ile: File- Protocol Class Prin 
l 

1 Name) {in: {{char; Character) ) 

Definition of the Global ROOM Structure 

The generation of the global ROOM structure of a system is done by merging together the 

different role structures defined in the previous rnodeling phase. In the curent case smdy? 

two role smictures have been d e h e d  (Figure 139 and Fi=we 142). The rnerging of the 

two role structures resuits in the global ROOM smicnire given in Figure 145. This ROOM 

smcture mode1 constitues the complete smicture of PrinterSystem. 

The contracts defined in this ROOM structure are based on the set of finai protocol classes 

defmed in the Figure 114. 
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FIGURE 145. PrinterSystem ROOM structure 

I 
Printer Sy stem 

user 
printerOurput 

printe printerlnpur 

printer 

printerDriver 

Relationshp benveen 
Contracts and Protocol Classes 
Contract Protocol Class 

b~ + PrinterSyswer 
b2 FiIeSysternInterface 
b3 + Printerinterface 1 M - PrintcrSynOurpur 

5.8 Addition of ROOM Structure Information to the 

MSC model (Iteration 1) 

The goal of this step consists in linking the MSC model with the ROOM structure of the 

system defined in section 5.7. This results in the defintion of the customized MSC model 

of the system. In this step, we update the different basic MSCs defined in the specification 

MSC model (defined in section 5.4.2) with the contracts defined in the ROOM global 

structure of the system. 
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Since the ROOM smcture defined in section 5.7 only contains PrinterSystem compo- 

nents, i.e. printerDriver and Printer, weo from this step on, oniy consider these cornpo- 

nents in the customized MSC model. 

Also, since there is a one-to-one mapping between the roles defmed in the specification 

MSC mode1 and system components defined in the ROOM model, ùle Iinkage between 

MSC components and ROOM system actors is trivial. The printerDriver actor of the sys- 

tem plays the roles of the printerDriver in both scenarios. and the printer actor o f  the sys- 

tem plays the roles of the printer in both scenarios. 

In the following of this section, we give the result of updating of the PrintFiie MSC and 

StopPrinting MSC with the contract information. 

PrintFile MSC 

In Figure 146, Figure 147, Figure 148, Figure 119, Figure 150, and Figure 151, we give 

the MSCs obtained by adding the contract information to the MSCs given in Figure 129. 

Figure 130, Figure 13 1. Figure 132. Figure 133, and Fi=we 134. The temiinateprinting 

basic MSC (Figure 150) does not get to be modified because it contains no message arrow. 

FIGURE 146. setupprinting customized MSC 

msc setupbnting 

I C I  getResou rces 
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FIGURE 147. getResources customized MSC 
-. 

msc getResources 
printerDriver , printer, 

1 user fileSvncm pr in tnMw - 4 Y * 

FIGURE 148. getNextCbar customized MSC 

1 pSnterDriver primer 
acINextC har 

, ,k&T' - 
f .Masage Dan Box b 

I 

.Message Data Box 

FIGURE 149. printchar customized MSC 

msc printChar 
printerDnver primer 
7 - 

-- 

1 Matr#t  Data Box 4 
pnnt: Charactcr 

I char; Charaacr 
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F I G W  150. terminatepriuthg customized MSC 

FIGURE 151. releaseResou rces custom ized MSC 

t 
msc terminateprinting I 

I 

release resources 
1 I 

The HhlSC of Figure 121 together with the set of basic MSCs described in Figure 146, 

Figure 14% Figure 148, Figure 149, Figure 1 50 and Figure 1 5 1 constitue the second ver- 

sion of the PrintFile MSC. This version is the one that would be used for the purpose of 

testing. 

StopPrinting MSC 

In Figure 1 52. the customized StopPrinting basic MSC is given. 
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FIGURE 152. StopPrinting customized MSC 

msc stopPrinting 

5.9 Component Behavior Modeling in MSC 

(Iteration 1) 

In this step, we introduce component behavior information in the basic MSCs of the cus- 

tomized MSC modela 

For convenience. we reproduce the PrintFile HMSC in Figure 153. (Note that t h i s  HMSC 

is the same as the one given in Figure 12 1 .) 
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FIGUW, 153. PrintFile HMSC 

msc PrintFile - 

In the following of this section, we individually refme the PrintFile MSC and the Stop- 

Printing MSC. 

PrintFiie MSC 

In Figure 154! Figure 155, Figure 156, Figure 157. and Figure 159, we give the custom- 

ized versions of the basic MSCs given in Figure 146, Figure 147' Figure 148. Figure 149. 

and Figure 1 5 1 . 

In Figure 154, the new version of the setupPnnting basic MSC is given. In this basic 

MSC, the idle system state that existed in previous version of the basic MSC is decom- 

posed into tivo idle component states. 
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FIGURE 154. setupprinting customized MSC 

msc senipïrinting 1 Message ~a- 

In Figure 155, the new version of the getResources basic MSC is given. In this basic 

MSC, two component behavior elements have been introduced: component states and 

state entry code. 

W~th respect to States? we first observe that the idle global sute of PrinterSystem that 

was defmed in the previous version of the basic MSC, is decomposed into two idle corn- 

ponents states, one in printerDriver and one in Printer. Also, a component state is intro- 

duced in components before every incoming message anow. For example. a 

requestingprinter state is defined in printerDriver just before the printerReady message 

is received. 

Also, we observe that. in printerDriver, the openFile outgoing message has been identi- 

fied as part of the entry-code ( ) of the openingFile state. I 
Al1 the other outgoing messages, Le. the ones that are not explicitly identified neither as 

enay-code nor as exit-code in the basic MSC, are considered by default to be part of the 

transition code. In this case, the printerRequest message constitutes such a message for 

printerDrîver, and the printerReady message constitutes such a message for Printer. 
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FIGURE 155. getResources customized MSC 

1 msc jetResources 
printerDriver printer 

l 

idle I 
idfe 

printerRequest 
b3 

printerReadv 
b3 

(F) 

[klessage Data BO-1 

In Figure 156' the new version of the getNextChar basic MSC is given. Since getlrlext- 

Char oniy involves interactions between printerDriver and the environment of Printer- 

System (Le. the filesystem component), the custornized version of the basic MSC given 

here ody adds detail level elements to printerDriver. In this detail-level basic MSC, a 

gettingchar state is introduced in prînterDriver and the sending of the readNextChar 

message is identified as entry-code for this state. 

FIGURE 156. getNextChar customized MSC 
t 

msc getNextChar 

1~e;~aextc har 8 
printer , 
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In Figure 157, the new version of the printChar basic MSC is given. In this basic MSC, 

only a printing state is defmed in printer after the sending of the char message. This indi- 

cates that, after sending the char message, printer goes back to the printing state previ- 

ously defmed in Figure 154. 

FIGURE 157. printchar customized MSC 

msc printchar 
printerDriver printer - 7 ! char: Characrer i 

- 
In Figure 158, the new version of the terrninatePrinting basic MSC is given. In this basic 

MSC, the idle system state that existed in previous version of the basic MSC is decom- 

posed into two idle component States. 

FIGURE 15%. terminateprinting customized MSC 
-- - 1 msc terminatekintinp 

releaseResou rces 

In Figure 159, the new version of the releaseResources basic MSC is given. In this 

basic MSC, component States and entry-code are introduced. In printerDriver, a tearing- 

Down state is defhed after the closeFile message, and two messages, i.e. printerRe- 

lease and closeFile, are identifïed as enwcode in the tearingDown -te. Mso, it is 
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specified that both printerDriver and printer retum to their respective idle state afier the 

execution of terminatePrinting. 

Asa, we observe in this figure that the ordering of the printerRelease and closeFile 

messages that was non-dererministically defmed in the previous basic MSCs using the 

parallel composition inline expression is now deterministic. The printeruelease message 

is first sent, and then the closef ile is sent. 

FIGURE 159. releaseResources customized MSC 

1 msc reIeaseResources 

printer Driver 

Y 
printer 

'7- 

j Message Data Bor 
i cioseFile;FileName 
l 

The HMSC of Figure 153 together with the set of basic MSCs described in Figure 146, 

Figure 148, Figure 149, and Figure 15 l constitute the customized version of the PrintFile 

MSC. 

StopPrinting MSC 

In Figure 157, the new version of the StopPrintirtg MSC is given. The refinement of this 

MSC is similar to the one of Figure 15 1. The only difference concems the refinement of 

the printing system state defined in Figure 1 52 into component States: a gettingC har state 

in printerDriver and a printing state in Printer. 
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FIGURE 160. StopPrinting customized MSC 

msc Stopqrinting 

I printer Dr iver 
1- 

printer 

Lr' 
printing 9 

releaseResou rces 
1 1 I 

1 stop: FileName 

This MSC constitutes the customized version of the StopPrinting MSC. 

Final MSC Model of the PrinterSystem 

The PrintFile MSC and the StopPrinting MSC defined in diis step form together the final 

customized MSC model of PrinterSystem. This model c m  be used to test the final 

ROOM model at the end of the iteration. 

5.10 From MSC to ROOMChart (Iteration 1) 

This step consists in producing actor behavior on a per MSC basis. Thus, for each MSC 

contained in the final MSC model of PrinterSystem (Le. the PrintFile MSC and the 

StopPrinting MSC), we produce a ROOMCharts model of printerDriver and Printer. 

In the following of this section. we produce the role behavior models for the PrintFile and 

StopPrinting MSC. In this step, only the information conceming the grouping (mctur-  
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ing) of States into composite ones is required fiom the modeler. -411 the rest of the informa- 

tion that is required to produce the ROOMCharts model is contained in the MSC. Thus. 

transitions and entry-code defmed in the different basic MSCs are mapped directly to 

ROOM constnicts in ROOMCharts. 

5.10.1 PrintFile 

Figure 16 1 and Figure 162 give the role behavior (ROOMCharts model) of printeroriver 

and printer in the context of the PrintFile MSC. 

printerDriver State Machine 

In the printeroriver ROOMCharts model (Figure 16 1). the requestingprinter and open- 

ingFile States defmed in the PrintFile MSC are grouped together in the settingUp com- 

posite state. The idle state constitutes both the initial state (precondition) and the final 

state @osrcondition) for the execution o f  the PrintFile scenario. 

FIGURE 161. printerDriver role behavior for the PrintFile MSC 

printerDriver Top SIate 

settingup State 
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Entry Code 

Below, we give the entry-code of  the requestingprinter. openingfile., gettingchar and 

tearing Down States. 

state requestingpmter: 
{ 
entry action: 

{I I 
SEND prinrer SIGNAL %pMterRequest 
ENDSEND 
} 

) !* end ojstate requestingPrinrer */: 

state openingFile: 

entry action: 
(1 1 
SEM) filesystem SIGNAL %openFile 
ENDSEND 
1 

) /* end of stafe openingFife * /; 
state gettingchar: 

en t ry action : 
0 I 
SEND fiIeSystern SIGNAL %nextChar 
ErmSEND 
1 

) ! * end ofstare gerringChar *!; 
state Tewingllown: 

entry action: 

{I I  
SEND printer SIGNAL ?4iprinterReieas e 
ENDSEND. 
SEND fileSy stem SIGNAL %closeFile 
ENDSEND 

) /* end of stare TearingDown */; 
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printerDriver Transitions 

The ROOM description of the transitions defined in the printerDriver top state is given 

below. 

transitions: !* of state top *! 
I 
transition rerminare/TearingDown: 

source: state TearingDown 
destination: state idle 
triggered by: 

{ 
event: 

{signals: (%fileClosedJ 
on: (fileSystem) 
1 

) :* end of nansiiion reminare *!; 
transition p~tTerminatedigeningChar: 

i 
source: state geningchar 
destination: state TearingDown 
triggered by: 

event: 
(signals: {%eof) 
on: {filesystem) 
1 

1 
) /* end of nansition prinrTerrnincued *!; 

transition prinu'idle: 
{ 
source: state idle 
destination: state settingt.Jp 
triggered by: 

{ 
event: 

{signals: {%print) 
on: {user) 

1 
1 

) /* end oftramririon print */; 
transition getNextChar/gettingChar: 

source: state gettingchar 
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destination: state gettingchar 
triggered by: 

i 
even t: 

{signals: (%nextChar) 
on: {tXeSystem) 
1 

1 
code: 

( 1  ! 

SEND printer 
SIGNAL %char 
DATA msg data 

ENDSEND 
1 

) /* end of transition getNexzChar * :; 
transition readyToPrint/settingUp: 

f 
source: state settingup 
destination: state gettingchar 
) !* end of transition rea4yToPrint *i; 

) /* end oftransitiom in: top */ 

The ROOM description of the transitions defuied withh the seningUp state follows: 

transitions: /* of state sertingUp *! 
{ 
transition printerReady/requesthghtet: 

{ 
source: state requestingprinter 
destinatiou: state openingFile 
triggered by: 

event: 
{signals: {%printerReady) 
on: {primer) 
1 

1 
3 /* end of tramition prinrerReady *!; 

transition fileOpenend/openin#iIe: 
{ 
source: state openingFi1e 
destination: state border to transition rcadyToRintlseningLip 
triggered by: 

{ 
even t: 

(signais: (%fileOpened) 
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on: (fileSystern) 
1 

1 
) '* end of rransition fileopenend *!: 

transition print'seningup: 
t 
source: state border from transition print4dle 
destination: state requestingprinter 
) ;* end of rransirzon print *!: 

) ,'* end of namitions in: setring@ * ! 

Printer State Machine 

In Figure 162. we give the ROOMCharts mode1 of the printer actor in the coritext of the 

PrintFile scenario. The idle state constitues both the initial state (precondition) and the 

final srate (posrcondition) for the execution of the scenario. 

FIGURE 162. Printer role behavior for the PrintFile MSC 

priater Top State 

Printer Transitions 

The ROOM description of the transitions defmed in the printer top state is given below. 

transitions: /* of state top */ 

transition printChariprinting: 
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source: state prinMg 
destination: state printing 
triggered by: 

event: 
{signals : {%char) 
on: (printerhput) 
1 

1 
code: 

(1 i 
SEND printeroutput 

SIGNAL %bar 
DATA msg data 

ENDSEND 
1 

) i* end of transition prinrchar *!; 
transition printerRelease/printing: 

{ 
source: state printing 
destination: state idie 
triggered by: 

{ 
even t: 

{signals: {%printerRelease) 
on: (printerhput) 
1 

1 
) !* end of transition pinterReleare *!; 

transition printerRequesdid1e: 
{ 
source: state idie 
destination: state printing 
triggered by : 

{ 
event: 

(signais: {%printerRequest ) 
on: (primerinput) 
} 

1 
code: 

(i i 
REPLY %pinterReady ENDREPLY 
1 

) !* end of t tmi t ion  prmterRequest */; 
) i* end of btmsitions in: top */ 
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5.10.2 StopPrinting 

Figure 1 63 and Figure 164 @ive the role behavior (ROOMChans model) of printerDriver 

and printer in the context of the Stopf rintîng MSC. 

printerDriver State Machine 

The printerDriver ROOMCharts model corresponding to the StopPrinting scenario is 

aiven in Figure 163. It is obtained directly fiorn the StopPrinting MSC. The state getting- 3 

Char constirutes the initial state brecondition) of diis scenario. and the state idle consti- 

tutes the final state (postcondition). 

FIGURE 163. printerDriver role behavior for the StopPrinting MSC 

Entry Code 

Below, we give the enûy-code of the tearingoown state. 
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state TearingDown: 
{ 
entry action: 

(I . 

SEND printer SIGNAL %printcrRelease 
ENDSEND. 
SEND filesystem SIGNAL %closeFile 
ENDSEND 
1 

} /* end of stare TearingDown */; 

printerDriver Transitions 

The ROOM description of the transitions defined in the printerDriver top state is given 

below. 

transition printTerminated/gettingChar: 
{ 
source: state gettingchar 
destination: state TearingDown 
triggered by: 

even t: 
(signals: {%stop) 
on: (user) 
k 

or 
event: 

{signals: {%eof) 
on: {filesystem) 
1 

1 
) I'* end of transition prinrWrninared */: 

transition tenninate/TearingDown: 

source: state TearingDown 
destination: state idle 
triggered by: 

event: 
{signals: {%mec losed) 
on: (filesystem) 
1 

1 
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j !* end of transition terminore * i :  

Printer State Machine 

In Figure 164, the ROOMCharts mode1 of the printer actor in the context of the Stop- 

Printing scenario is given. The printing state is the initial sme (precondition) of the sce- 

nario. and ih2 idle stae is the final state (postconditionj. 

FIGURE 164. Printer role behavior for the StopPrinting .MSC 

printer Top State 

Printer Transitions 

The ROOM description of the transition defined in the printer top state is given below. 

transition prinrerReleaseiprinting: 
{ 
source: state printing 
destination: state idle 
triggered by: 

event: 
(signals: (%printerRelease) 
on: (printerinput) 
1 

f 
) .'* end of rramition prinrerRetease * 1; 
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5.11 ROOMChart Modeling (Iteration 1) 

In this step, we defme a ROOiMCharts component behavior mode1 for each actor con- 

tained in the global ROOM structure defmed in Figure 145. The component behavior 

model of an actor is defmed by integrating the role behaviors of al1 the roles played by the 

actor. 

prin terDriver 

The ROOMCharts component behavior of the printerDriver actor is given in Figure 165. 

ui this case, we use the scenario aborting panem (section 4.7.1) to integrate the two role 

behavior state machines. At the schematic level, this ROOMCharts mode1 is exactiy the 

same as the one given in Figure 16 1. 

FIGURE 165. printerDriver complete behavior model 

printerDriver Top State 

settiagup State 
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The entry-code and transitions are also the same as the one given for the ROOMChart roie 

mode1 of the printerDriver actor given in Figure 16 1 with the exception of the printTeni- 

nated transition. The ROOMChans description of this transition is given below. The only 

difference between this transition and the printTenninated transition of the printerDriver 

actor given in Figure 161 is that in this case the transition can be tnggered by two different 

events: one associated with the stop signal and one associated with the eof sipal. In the 

printerDriver ROOMChart of Figure 161, the transition codd oniy be niggered by the 

eof signai. 

transition printTerminated/gettingChar: 
{ 
source: state geningchar 
destination: state TearingDown 
triggered by: 

{ 
event: 

(signals: (%stop} 
on: {user) 
1 

or 
even t: 

{signals: (%eof) 
on: (fiiesystern) 
1 

1 
f ? end oftransirion primTerminated * /; 

Printer 

The ROOMCharts component behavior of the phter actor is given in Figure 166. This 

ROOMCharts mode1 is exactly the same as the one given in Figure 162. Because the tran- 

sitions are also the same, we do not rewrite them here. 
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FIGURE 166. Printer complete behavior model 
printer Top State 

5.12 Testing of Iteration 1 

At the end of each iteration, the resulting complete ROOM model mua tested against the 

scenario models of the system. The objective of this step is to ensure that the resulting 

ROOM mode1 can correctly execute the set of system scenarios. This includes both tening 

each s c e ~ o  in isolation and testing interactions behveen scenarios. 

~t this point, we can test the cornplete ROOM model of PrinterSystern against the Print- 

File and StopPrinting scenarios using the customized MSCs produced during the itera- 

tion. In this case study, the testhg of PrinterSystern is conducted in two steps: 

1 .  Generate the execution MSCs of the system using the ObjecTime Developer toolset 

2. Munuaily compare the execution MSCs with the cimomized MSCs 

The cornparison of the execution MSCs and customized MSCs showed that the ROOM 

mode1 produced in this fust iteration is correct with respect to b a h  the PrintFile and 

StopPrinting scenarios. It also showed that the triggering of the StopPrinting scenario 

aborts the execution of the PrintFile scenario. 
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We also tested PrinterSystem to ensure that at the temination of each printing request 

(no matter if the printing terminates normally or is intempted), the requested file is closed 

and the printer is released. 

In this iteration, we did not consider robustness issues at all. For exarnple, if for some rea- 

sons the printer does not respond to the printerRequest message or if the file cannot be 

opened, the printerDriver would end up in a deadlock situation. 

iUso, as mentioned at the beginning of the iteration, alternatives to the main scenarios 

have not been considered. In this iteration, we assume that the requested file exists and cm 

be printed. We aiso assume that the name of the file of a StopPrinting request corresponds 

to the name of the file that is being printed. The elimination of these assumptions would 

typically corne in future irerations. 

Therefore. we conclude that the cunent ROOM mode1 satisfies the objective of iteration 1 

and thus we can move on to iteration 2. 

5.13 Iteration 2 

In this section, we give the different models produced during iteration 2 and discuss the 

main issues encountered during this second iteration. Because the goal of this iteration is 

to illutrate the integration of scenarios that relate to different aspects of the system (i.e. 

operational and control), we concentrate more specifically on the two modeling phases in 

which scenario integration is done: the ROOM Structure Modeling phase and ROOM- 

Chart Modeling phase. 
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5.13.1 STDs for Iteration 2 

In the second iteration of this case study, we focus on the definition and integration of the 

two control scenarios: the StartUp scenario and Shutdown scenario. 

The Startl.Jp and Shutdown STDs are respectively given in Figure 167 and Figure 168. 

FIGURE 167. StanUp STD 

1 Description: Scenario descnbing the steps required to start up and configure PrinterSystem. ( 

1 &temal Aetorr: System Controller, File Systern 1 
1 Precondition: PrinterSystem is unconfigureci and running. 1 

Triggering event: The SysternController enters the startconfig command 
I 

1. PrinterSystem receives the startconfig command fiom the system controller 

2. Get PrinterSystem config data fkom the file system 1 
3. Set interna1 data 

3. Configure Primer 
5. Notify the system controller of the süccessful termination of system configuration 

and wait for the &art message 

6. Receive the sbr t  command fiom the system controller 

7. Stan PrinterSystem (i.e. bring the system to its operationa1 state) 

Pos tcond ition: PrinterSynem is configured and operational 

Alternatives: 
- If the config data camot be obtained &om the file system, then the StartUp request is 
rejected. (h'ot included) 
- If the printcr cannot be c o n f i g u ~  then the StartUp request is rejected. (Not included) 

I Comrncnts: 
- In the contcxt of this case study, we only deal with the main scenario of this STD. 
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FIGURE 168. Shutdown STD 

Description: Scenario descriiing the steps required to shutdown PrinterSystem. . 

External Actors: System Controller 

Precondition: PrinterSystem is in the operational state l 
Triggering event: The SystemController enters the shutdown command i 
1. Receive the shutdown command fiom the SystemController 

i Postconditioa: PrinterSystern renuns to the unconfigured state l 
Resulting event: none 

Alternatives: none 

Nonfunctional requirements: none 

Comments: 

5.13.2 UCM Mode1 (Iteration 2) 

In this second iteration, we add two UCMs to the UCM mode1 of iteration 1: the StartUp 

UCM and the Shutdown UCM. These two UCMs are respectively given in Figure 169 

and Figure 170. Because there are no direct interactions between these NO UCM paths, 

there is no need to combine them in a single composite UCM. In fact. the execution of the 

StartUp UCM path is a precondition to the execution of the Shutdown UCM path. 

Also, because they correspond to scenarios that relate to a different system aspect than the 

operational scenarios of iteration 1, there is no direct interactions between these new UCM 

paths and the ones of ireration 1. For this reason there is no need to combine them with the 

paths defined in iteration 1 into a composite UCM. 
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FIGURE 169. StartUp UCM 

te3: startUp command @re-condition: the system is in h e  unconfigured state) 
re3: system sran up is completed @os-condition: the system is in the operational sure) 
a7: get PrinterSynem config data fiom the file system 
a8: set intemal data 
a9: configure Printer 
a10: noà& System Controller of the termination of system configuration and wait for the 
system controller to enter the start command 
ai 1 : start PrinterSystem 

FIGURE 170. Sbutdown UCM 

te4: shutdown commmd (pre-condition: the synem is in the operational mte)  
re4: the system shutdown is completed (post-condition: the system is in the unconfigured suite) 
a 12: shutdown printer 
a 1 3 : clear current configuration 
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5.13.3 Specification MSC Mode1 (Iteration 2) 

The specification MSCs corresponding to the StartUp and Shutdown UCMs are respec- 

tively given in Figure 1 7 1 and Figure 172. 

In the StartUp specification MSC, we define two hi&-level messages (getConfigData 

and configData) that are exchanged between the printerDriver componenr and the file- 

System extemai component. These messages are not part of standard file system inter- 

faces. They are used in this case study for purpose of conciseness. When irnplementing 

PrinterSystern, these two messages would need to be decomposed into messages that are 

part of the standard file system interface. Message decomposition cm be done using the 

technique described in section 3.6.1. 

Also, in this case study, we do not defme the PrinterSystConfigData and PrinterConfig- 

Data data classes. The data classes would need to be defmed in order to implement the 

system. 

FIGURE 171. StartUp specification MSC 

msc Starttip 

systemContro!ler filesystem / 
/ Message DM 

PrinterSystem 
pn te nver printer p-[e, - 

$*la7 ata 1 

configData: PrinterSynConfigData 
m U p  (CO Printer); PrinterCodïgData 
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FIGURE 1'12. Shutdown specification MSC 

1 mrc Shutdown r 

sdCorn leted O 
< operational 
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5.13.4 ROOM Structure Mode1 (Iteration 2) 

In this section, we illusuate how a global ROOM structure is built fiom a set of role struc- 

tures. We fnst give the role structure mode1 that corresponds to the two control scenarios, 

and then. we integrate the resuiting structure in the ROOM structure produced in the fint 

iteration (Figure 145). 

5.13.4.1 Definition of the Role Structure for Control Scenarios 

The set of protocol classes and the ROOM structure associated with the control scenarios 

of PrinterSystem addressed in this iteration (i.e. the StartUp and Shutdown scenarios) 

are respectively given in Figure 1 732 and Figure 174. 

2. The name of the protocol class used to communicate with the filesystem in the contex of the control 
scenarios is called 12FileSystemlnterface as it refen to the protocol required to communicate with the 
filesystem in the context of the scenarios of iteration 2. 
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FIGURE 173. Con trol scenarios protocol classes 

{in: ((startUp),{start), {shutdown) ) 
out:( {configured), {sdCompleted) ) ) 

{ in: { (stanUp; PrinterConfigData) , {SM). 
{ shutdown) ) 

out: { {configured), (sdCompleted) ) 

>rotocol Class 1 2 ~ i l e i  
{in:{ {getConfigData) ) 
out: { {configData; PrinterSystConfigData} ) } } 

FIGURE 174. Control scenarios ROOM structure 

control 

control 

Relationship between 
Contracts and Protocol Classes 
Contract Protocol Class 

bZ i2FileSysternhterface 1 b3 - RinterControl 

5.13.4.2 Definition of the Global ROOM Structure 

The defuiiion of the global ROOM structure of a system is done by integrating the differ- 

ent role structures defined in an iteration with the ROOM strucrure model produced in the 

previous iteration. In the currem iteration, we need to integrate the role structure associ- 

ated with the control scenario (Figure 1 74) with the ROOM structure O btained in the first 

iteration (Figure 145). The result is given in Figure 177. This ROOM structure model con- 

stitutes the complete structure of PrinterSystem after iteration 2. 

in order to obtain the new ROOM sûucture of PrinterSystem, we need to update the lis 

of roles associated with the system actors Figure 143), the set of protocol classes 

(Figure 144), and the ROOM structure (Figure 145). The result of those updates is respec- 

tively given in Figure 175, Figure 176, and Figure 177. The information added in this iter- 

ation is showed in bold in these figures. 
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Roles 

Ln the current iteration, we add the roles associated with the StartUp and Shutdown sce- 

narios to PrinterSystem components. The resdt is given in Figure 175. 

FIGURE 175. PrinterSystem actors 

RinterSystem 
1 class: PrinterSystem 

printerDnver 
class: PrinterDnver 
roles: 
printerhiver Ui PrintFile 
prùiterDriver in StopPrinting 
printerDriver in StartUp 
printerDriver in Shutdown 

printer 
cias: Printer 
roles: 
printer in PrintFile 
printer in StopPrinting 
printer in StartUp 
minter in Shutdown 

Protocol Classes 

.Us0 in this iteration, we defmed two new protocol classes? the PrinterSystControl and 

PrinterControl protocol classes, and added two new messages (getConfigData and con- 

figData) to the existing FiieSystemlnterface protocol class. The resulting set of protocol 

classes is given in Figure 176. 

FIGURE 176. PrinterSystem protocol classes 

' (in: { {print; FileName), {stop)) ) I 

; Protocol Clws FiieSystemInttrfacc I \  , 
(in: {(openFiIe; FileName), (readNext- 1 Char; FileName), {cloxFile; File- 1 %me),{getconTyData)) 1 

/ out: { (filcOpencd), {na tChar ;  Character), 
{ cof), { fileClosed} ,{conîigData; 1 PrintcrSyrtCoafigData))} 

{in: {{startUp),{start), (shutdown)) 
out: ((con figurtd), {sdComplcteâ)j) 

{in:{ {printnRequen), {print: Character), 1 
{ printerRelease ) } 

out: { {printerRsdy) ) ) 

 roto-ii 
{in: {{char; Character) ) 
1 

{in:((startUp; PrinterConfigDat?),fs&rt), 
fshutdown)) 

oat:((coafigureü), {sdCompiettd))) 



Chapter 5 Printer System Case Study 

System Structure 

Finally, we add the two new contracts, labelled b5 and b6 to the ROOM structure pro- 

duced in the previous iteration. The new ROOM structure is given in Figure 177. The con- 

tracts defined in this ROOM structure are based on the set of protocol classes defmed in 

the Figure 176. 

FIGURE 177. PrinterSystem ROOM structure 

Relationship between 
Contracts and Protocol CIasses 
Con tract Protocol Class 
bl -+ P~terSysnrser 
b? -). FileSystemlnterface 
b3 + Printerlntexface 
bl -b PrinterSystOutput 
b5 + PrinterSystControi 
b6 -). PrinterControl 

5.13.5 Customized MSC Mode1 (Iteration 2) 

In Figure 1 78 and Figure 179, the customized MSCs corresponding to the StartUp and 

Sh utdown specification MSCs (described in Figure 171 and Figure 172) are given. We 

recail that customized MSCs are obtained fiom specification MSCs by adding ROOM 

structure information and component behavior idonnation (see section 5.8 and 

section 5.9 for more details). 
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FIGURE 178. StartUp custornized MSC 
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FIGURE 179. Sbutdown customized MSC 
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5.13.6 ROOMChart Mode1 (Iteration 2) 

In this section, we illustrate how complete component behavior ROOMChart models are 

buiit fiom a set of role behavior ROOMChart rnodels. We first give the role behavior 

ROOMChart models associated with the two control scenarios. and then. we integrale thdie 

resulting ROOMChart models with the ROOMChart models produced in the first iteration 

(Figure 165 and Figure 166). 

5.13.6.1 Definition of the Role Behavior State Machines for the Control 

 cen na rios3 

In Figure 180 and Figure 18 1. the role behavior state machines associared with the Star- 

tUp and Shutdown scenario are given. The primitive States defmed in the different state 

machines correspond to the States (conditions) defmed in the customized MSCs. In 

PrinterDriver. some states have been grouped into composite states to match the general 

conaol-Ievel state machine structure descnbed in Figure 90 of the State Machine Integra- 

tion Pattern section (section 4.4). The role behavior state machine associated with Printer 

uses a variation of the control-level state machine stnicnire in which the configuration and 

shu tdo~n  phases are descxibed by a single transition instead of a composite state. 

The content of the different ROOMChart transitions is given below the figures. Readers 

can easily verify that the triggering events and code defined on the dif3erent transitions 

correspond to the messages and actions defuied in the customized MSCs. 

3. nie ROOTiiICharts (state machines) diagram given in this section look slightly differtnt than the one 
used in the previous sections of this chapter (i-e. the sections correspond in^ to the first iteration). For 
example, the rounded rectangle representing states are colored in grey, instead of being white. This is due 
to the fact that we used IWO different versions of ObjecTime Developer to produce the documentation the 
documentation of the first iteration was produced using ObjecTime Developer 5.1, while the docurnenta- 
tion of the second iterations was produced using ObjecTime DeveIoper 5.2. There is no semantic differ- 
ence between the notation of the two versions. So, regardless of whether the States are white or grey, they 
have the same semantics. Also, the description format of the transitions is slightiy different, but contains 
the same basic information. 



Chapter 5 Pnnter System Case Study 

FIGURE 180. Role bebavior state machines for the StanUp scenario 

printer 

Transitions of the PrinterDriver State Machine in the StartUp Scenario 

transitions /* of state top *; 
{ 
define confi,oure 

from sbte unconfigured 
to state confi,grhg transition configure 
triggen 

1 
deiine signals { startUp) on (controlJ ; 
1; 

def ie  configlompleted 
from state coafiguring transition configCornpIeted state conti_@nter 



Chapter 5 Printer System Case Study 

to state configured; 
action 

4 I 
SEND control SIGNAL %configured ENDSEND 
i ;  

define start 
from state configured 
to state operational 
triggers 

define signals (start) on {control) ; 
1 

action 
(1 i 
SEND printerContro1 SIGNAL %start ENDSEND 
>; 

) !* end of transitions in top */ 

The intemal amsitions of the configuring composite state are defined as follows. 

transitions /* of state startUp *; 

define configure 
h m  border transition configure state unconfigred 
to state waitForConfigData 
action 
{I I 
SEND fileSystem SIGNAL OhgetConfigData ENDSEND 
1; 

define configuring 
from state waitForConfigData 
to state configPrinter 
triggers 

define signals {configData) on (filesystem) ; 
} 

action 
(1 aPrinterConfi-mata; 
SELF setIntemalData: msg data. 
SEND printerControI SIGNAL YostartUp 

DATA aPrinterConfigData ENDSEND 
); 

define configlompleted 
from state configRinter 
to border transition configcompleted 
triggers 
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define signals {confi,wed) on (printerContro1); 

}; 
) !* end of aansitions in configuring */ 

Transitions of the Printer State Machine in the StartUp Scenario 

transitions /* of state top */ 

i 
define configuring 

from state unconfipured 
to state configured 
triggers 

define signal5 {startup) on {printerControt); 

} 
action 

(I ! 
SELF setinterna1Dar.a: msg data. 
SEM) printerControl SIGNAL %confipured ENDSEND 
1; 

define stm 
from state configured 
to state operational 
trigge rs 

{ 
define signais (start) on { printerContro1) ; 
1; 

) !* end of nami~ions in rop */ 
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FIGb'RE 181. Role behavior state machines for the Shutdown scenario 

printer 

shutdown 

Transitions of the PrinterDriver State Machine in the Shutdown Scenario 

transitions !* of state top *! 
{ 
define shutdown 

from state operational 
to state shutdown transition shutdown 
triggers 

define signals (shutdovm) on {control); 
1; 

define shutdownCompleted 
from state shutdown transition shutdownCompleted state shutdownPrinter 
to state unconfigured; 
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) /* end of namitions in top *! 

The interna1 transitions of the shutdown composite state are defined as foliows. 

transitions ,'* of state shutdown */ 

1 
define shutdown 

from border transition shutdown state operational 
to state shutdownPrinter 
action 

l i 
SEND printerContro1 SIGNAL %shutdown ENDSEND 
1 ;  

define shutdownCornpleted 
from state shutdownPrinter 
to border transition shutdownCompleted 
triggers 

define signals (sdCompleted) on (printerCoatrol) ; 
5 

action 
( 1  I  
SELF clearCurrentConfig. 
SEND conûol SIGNAL %sdCompleted ENDSEND 
\. 
1 7  

) !* end of transitions in shurdown */ 

Transitions of the Printer State Machine in the Shutdown Scenario 

transitions !* of state top */ 

define shutdown 
from state operationai 
to state unconfigured 
triggers 

define signals (shutdown) on (printerConuo1) ; 
1 

action 
I 

SEXD printerConm1 SIGNAL %sdCornpleted ENDSEND 
1; 

) :* end of hamitions in top V 
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Definition of Control-Level State Machines 

We can now integrate the role behavior state machines of Figure 165 and Figure 166 into 

control-level state machines that include both the StartUp and Shutdown scenarios. We 

produce a state machine for each component CprinterDriver and printer). The integration 

is conducted fd!owing the approach proposed by the State Machine Integration process 

pattern dehed in section 4.4. This pattern suggests stnicniring the hierarchical state 

machine so that it reflects the relationships that exia between the scenarios. In the current 

case, the two scenarios to be integrated are part of the same scenario subset, narnely the 

control scenario subset. 

Moreover, the relationship between them is such that the execution of the StartUp sce- 

nario is a precondition for the execution of the Shutdown scenario, and the execution of 

the Shutdown scenario brings PrinterSystem back in the state thar constitues the pre- 

condition of the StartUp scenario. However. there is no direct interaction between the two 

scenarios. The resulting event of a scenario does not trigger the execution of the other one. 

The two scenarios are executed sequentially, but their triggering requires the reception of 

specific extemal messages. We integrate the StartUp scenario and Shutdown scenario 

using the process illustrated in Figure 90 of section 4.4. 

The two resulting state machines are given in Figure 1 82 and Figure 1 8 3. The transitions 

of these hierarchical state machines are the same as the ones dehed above. The state 

machines contained in the startUp and shutdown composite state are also the same as the 

ones given in Figure 165 and Figure 166. 

Readers should note that even if the two resdting control-level stare machines look 

sfightiy different, they use the same structurirîg approach. The ciifference between the two 

state machines lies in the content of the configurhg and shutdown phases. In the case of 

the ptinterDriver, the description of both phases requires the use of composite States. In 
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the case of the printer. the content of both phases is simple enough so that they cm be 

described by means of a single transition. The two resdthg state machines can be viewed 

as two different variations of the same state machine structuring panem. 

FIGURE 182. Control-level state machine for the PrinterDriver actor 
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FIGURE 183. Coatrol-level state machine for the Printer actor 
top (sbutdown) 

printer 

top (con trol-level) 

5.13.6.2 Integration of the Role Behavior State Machines into 
Component Behavior State Machines 

We can now integrate the control-Ievel state machines produced in the current iteration to 

the ROOM mode1 produced in the previous iteration. Once again, we conduct the integra- 

tion following the approach proposed by the State Machine Integration process pattern 

(section 4.4). ï h i s  pattern suggests strucniring the hierarchical state machine so that it 

reflects the relationships that exist between the scenarios. 

In the current case, we mut integrate a control-level state machine and an operational- 

level state machine. For this purpose, we use the integration process descnbed in the 

example section of section 4.4 (page 199 to page 204). As a result? the control-level state 

machine is placed at the top level of the component behavior, and the operational-level 

state machine is placed inside the operational state of the control-level state machine. 
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Because it non7 contains a state machine, the operational srate of the control-level state 

machine becomes a composite state. AU transitions remain as previously defined. 

The same integration process is used for both the printerDriver component and the printer 

component. The result of the integration is given in Figure 184 and Figure 185. 

FIGURE 184. Resulting PrinterDriver ROOMChart for iteration 2 

top (operational-level) top (control-level) 
44 
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FIGURE 185. Resulting Printer ROOMChart for iteration 2 

top (operational-level) 
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~ O O  printer 
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6. 

"( Shut awn 

5.13.7 Testing of Iteration 2 

When testing the ROOM model resulting fiom Iteration 2, we can show that the resulting 

model c m  correctly execute each of the four implemented scenarîos (PrintFile, Stop- 

Printing, StartUp, and Shutdown) individually. The testing results are obtained by nor- 

mally comparing the execution MSCs produced by the ObjecTime Developer toolset (as a 

resuit of model execution) with the customized MSCs produced during the iteration. 
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If we now test the resulting ROOM mode1 more thoroughh, and more specifically if we 

test PrinterSystem for possible undesired scenario interactions, we discover that the 

resulting ROOM model does not satisfy ail requirements. In particular, if a shutdown 

message is received by PrinterSystem while it is printing a file, the Shutdown scenario 

will be executed without closing the file and releasing the printer. This violates one of the 

important requirernents listed in PrhterSystem requirements (section 5.1). This problem 

emerges as a result of scenario integration, namely the integration of the PrintFile sce- 

nario and the Shutdown scenario. In the next section, we discuss how the problem c m  be 

fixed. 

5.13.8 Error Fixing (Iteration 2) 

The issue now consists in fixing the problem without affecting the overall consistency of 

the different models. The strong traceable nature of the RT-TROOP modeling process is 

used in this phase to modify the models in a consistent rnanner. In this section? we discuss 

and illustrate how modifications must be made to the different models in order to solve the 

pro blem. 

While in the previous phases of this case study we used the RT-TROOP process in a for- 

ward manner? i.e. going fiom requirements to a ROOM model, in this phase we go back- 

ward. We start by f k g  the problem at the ROOMChart level and then use the traceability 

information maintained by the RT-TROOP process to propagate the modifications back- 

ward to the different models. This way, overall consistency can be maintained between the 

models. 

In order to fix the problem, we first need to determine the cause of the problem. In the cru- 

rent case, we iderred that the problem occurred when the Shutdown scenario is triggered 

while PrinterSystem is executing the PrintFile scenario. The second step of our error fix- 

ing consists in detemiining where the problem must be fked. By analyzing the set of 
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requirements and the set of responsïbiïities that have been allocated to the different corn- 

ponents (in the UCM modeling phase of the two iterations), we observe that the printer- 

Driver is the component that is responsible for ensuring that after eacki printing job the file 

is closed and the printer is released. Therefore, modification must be done in the printer- 

Driver. 

The only printerDriver operational state that c m  guarantce that there is no opened file and 

no requested printer (that has not been released) is the idle stare. Therefore, one immediate 

solution to the problem consists in updating the precondition of the Shutdown scenario to 

become operational.idle (i.e. the idle state located in the operational composite state). 

This modification of the precondition ensures that the execution of the Shutdown sce- 

nario would satisQ the requirement. 

Following the backward ordering of the RT-TROOP process, the correction of the problem 

will successively involve the evaluation of modifications in: 

The ROOMChart model 

The customized MSC model 

The R00M structure model 

The specification MSC model 

The L'CM mode1 

The STD model 

Ir is imponant to note that the ordeMg given here is not a strict one. For example. the 

modification of the specification MSC model could be done before the modification of the 

R00M structure model. 

In the remainder of this section, we successively analyze the impact of the modifications 

on the different RT-TROOP models. 
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5.13.8.1 ROOMChart Mode1 Modification 

As previously mentioned, we k s t  need to rnow the ROOMChart model of the printer- 

Driver. Because the problem is related to scenario integration and not to individual scenar- 

ios, we do not have to modify the role behavior models associated with the different 

scenarios. Only the component behavior model is modified. 

One way to ensure that the Shutdown scenario ml i l  ody be executed if the printerDriver 

is in the idle state consists in replacing the shutdown group transition that is located at the 

border of the operational state (and thus is taken upon airivai of the shutdown message no 

matter which operational state the system is in) by a shutdown transition linked specifi- 

cally to the idle state. This way, the Shutdown scenario c m  only br triggered if die 

printerDriver is in the idle state (or more specifically in the operational.idle state). The 

modified version of the printerDriver hierarchical state machine is given in Figure 186 

(this figure is the modified version of Figure 184). 
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FIGURE 186. Modified version of the PrinterDriver ROOMChart for itemtion 2 

new transition 

The descnption of the new shutdown transition (the one located inside the operational 

state between the idle state and the operational state border) and the modified descnption 

of the shutdown transition (the one located in the top state between the operational state 

and the shutdown state) are given below. In this case, becaw the shutdown transition 

iocated in the top state is a continuation of the shutdown transition located in the opera- 

tional state, the shutdown transition of the top nate has no triggeruig event. 

define shutdown I* of state operational */ 
from state operational 
to state shutdown transition shutdown 
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triggers 
{ 
define signab {shutdown) on (control); 
}; 

defiae shutdown /* of state top */ 

€rom state operational transition shutdown state ide 
to state shutdown; 

At the design documentation level, it is important to note that the new transition is differ- 

ent in nature than the other transitions aiready contained in the ROOMCharts models of 

PrinterSystem. While al1 other transitions are related to some specifk scenario responsi- 

bilities, this new transition is introduced as a means of solving a scenario integration prob- 

lem, 

Problem with the Current Solution 

One problem introduced by the curent solution is that in cases where the shutdown mes- 

sage is received by the printerDriver while it is not in the idle state, the message will be 

discarded and the system controller will not be explicidy infomed that the Shutdown 

scenario has not be executed. The system controller will oniy know that the Shutdown 

scenario has not been executed because she  will not receive a shutdownCompleted 

message. 

Alternative 

A better solution wouid require an explicit handling of the shutdown message in ail cases. 

In cases where the system is not idle, a shutdownRejected message could be send back 

to the system controller, so that she knows that the Shutdown scenario cannot be cur- 

rently executed. We consider this as being an alternative to the Shutdown scenario. The 

implementation of this alternative is not included in this case study. It would need to be 

implemented in a later iteration. 
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Emergency Shutdown 

Also, one thing that the scenarios previously descnbed do not dlow is an emergency shut- 

dom. We consider an emergency shutdown as being a separate scenario that would 

require the defuiition of a new triggering event (e-g. an emergencyshutdown message). 

This case is not covered in this case study. With the current set of scenarios, if the system 

controller wants t~ shutdown the system immediately, s/he could stop the current printing 

job by sending a stop message first, which would bring the system back to the idle state, 

and then send the shutdown message. 

5.13.8.2 Customized MSC Mode1 Modification 

We now need to m o d e  the customized MSC model to make it consistent with the 

ROOMChart model. From the modifications we made to the ROOMChart model. we have 

that the Shutdown scenario can now only be triggered when the printeroriver is in the 

operational.idle state. Therefore, operational.idle constitutes the new precondition of 

the Shutdown scenario. The other scenarios are not directly dected by the modification. 

This means that the parts of the rnodels that are related to the other scenarios are not 

affected by the modification. For this reason? we, fiom this point on, focus on the parts of 

the models that are related to the Shutdown scenario. Moreover, we know that only 

model elements related to the precondition of the Shutdown scenario must be modified. 

In the customhed MSC model, modifications are restricted to the Shutdown customized 

MSC. The only required modification consists in changing the initial state of the printer- 

Driver to operational.idle. Figure 187 gives the modified version of the Shutdown CU- 

tomized MSC given in Figure 179. 
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FIGURE 187. Modified sbutdown customized MSC 

1 msc Shutdown 

5.13.8.3 ROOM Structure Model Modification 

In this case, because the structure of the system is not affected by the modification? the 

ROOM structure remains unchanged. If fixing the problem required adding (modi@ing, or 

deleting) new components, new ports. or new messages to existing protocol classes. dien 

the ROOM muchire would need to be modified accordingly. 

5.13.8.4 Specification MSC Model Modification 

In the specification MSC model, we simply need to modify die initial condition of the 

Shutdown MSC to reflect the fact that the Shutdown scenario can now only be executed 

if PrinterSystem is b o t .  operational and idle. We cal1 the new system state opera- 

tional.idle (even if only the printerDriver explicitly needs to be in the operational.idle). 

Figure 188 gives the modified version of the specification MSC given in Figure 172. 
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FIGURE 188. Modified shutdown specification MSC 
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5.13.8.5 UCM Mode1 Modification 

In the UCM modei, the only required modification consists in changing the precondition 

of the Shutdown UCM to operationaLidle. The modified Shutdown UCM is given in 

Figure 189. This new UCM corresponds to the modified version of the Shutdown UCM 

given in Figure 1 70. 

FIGURE 189. Modified Sbutdown UCM 

te 

~h~te fown command @mondition: the system is in the operational.idle state) 
the system shutdown is completed @on-condition: the system is in the unainfigured 
shutdown Printer 
clear current configuration 

state) 
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5.13.8.6 STD Mode1 Modification 

Finally, we make two modifications to the Shutdown STD. Fust, the precondition of the 

Shutdown STD is changed to operational.idle. This rnakes the STD consistent with the 

UCM description of the Shutdown scenario. Second, we add the alternative discussed in 

section 5.13.8.1 to the alternative section of the STD. This alternative is identified as "not 

included" as it is not implemented in the current version of PrinterSystem. Figure 190 

gives the modified version of S hutdown STD described in Figure 170. 

FIGURE 190. Modified Shutdown STD 

Description: Scenario describing the steps required to shutdown PrinterSystem. 
l 

I 
1 

Externai Acton: System Controller 
1 

l 

l 

Precondition: PrinterSystem is in the operationaLidle state (Le. the system is operational 1 and idb) i 

Triggering event: The system controller enters the shutdown command ! 
1 

1. Receive the shutdown command fiom the system controiler 1 

Clear current configuration 

Postcond ition: PrïnterSystem r e m s  to the unconfigured state 

Resulting tvent: noue 

Alternatives: 
- I f  the system is in the operational state but not in the idle state the shutdown request is 
rejccteâ. (h'ot inctuded) 

bon fu nctional requirements: none 

- 

Commcnu: I 
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5.14 Chapter Summary 

In this chapter, we illustrated the application of the RT-TROOP modeling phases using the 

development of a simple PrinterSystem. This exarnple illustrates the different models 

and modeling phases that are used in RT-TROOP modeling to go fiom requirements ro a 

complete detail-level ROOM model. It illustrates how RT-TROOP modeling moves in a 

systematic manner through abstraction levels, and how it maintains traceability between 

elements of the different models. 

Moreover, we derno~l~trated how the RT-TROOP rnodeling process c m  be used in the 

context of iterative development. We also showed how the strong traceability maintained 

by the RPTROOP process can be used to m o d e  the different -stem models in a consis- 

tent mamer. 



CHAPTER 6 Definition of Traceability Relations 

Between Requirements, Scenario 

Models, and Communicating Hierachical 

State Machines 

The overail objective of RT-TROOP modeling process is to define a systematic and trace- 

able progression nom requirements, and more particuiarly scenario textual descriptions, 

ro cornmunicating hierarchical state machines. In Chapter 3, we dehed  the RT-TROOP 

modeling process in rems of a set of models and modeiing phases. This modeling process 

allows for a systematic progression fiom scenario models to communicating hierarchical 

state machines. The systematic aspect of the process and the notation we used in the dif- 

ferent model transition phases pave the way for the definition of traceability relations. In 

this chapter, we define a set of traceability relations that links elements contained in the 

dif3erent models of the RT-TROOP modeling process. 

Our goal here is not to define a formal static semantics and syntax for the dinerent models, 

but rather to establish traceability relation between specific elernents of different models, 

or difTerent versions of a model. For example, we are not interested in forrnally d e W g  

the composition of a UCM model, but we are interested in defining traceability relations 

between elements of a UCM model and elements of a MSC model, or between elements of 

one version of a UCM model and elements of another version. Formal definition of MSC 

and ROOM models are respectively descnbed in [el], and [93]. There is no formal defini- 

tion of UCM yet. 
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In th is  chapter, we: 

0 Define three different -es of traceability relations. 

Define a set of concrete traceability relations between requirements, STD, UCM? MSC, 

and ROOM. 

The set of traceability relations defined in this chapter allows capniring the reiationships 

established, in Chapter 3, between model elements. This set of traceability relations does 

not pretend to be complete. Our objective is not to define a complete traceability between 

the digerent models? but rather to define a set of traceability relations that ailows support- 

hg the rnodeling phases of the RT-TROOP modeling process defmed in Chapter 3. The 

set of traceability relations is intended to be open so that new relations can be added as 

required. 

6.1 Traceabiiity Relations 

One of the main objectives of this thesis is to defme a set of concrete fme-grained trace- 

ability relationships between the models that are used to go fiom requirements to irnple- 

mentation. 

We define three different types of traceability relations: inter-mode1 ~aceabiliy,  which 

establishes traceability links between elements of different models, inter-version trace- 

ubiliry, which establishes traceability links beween elements of different versions of a sin- 

gle model, and design decision naceability, wbch establishes traceability links between 

the rationde of a design decision and specific requirements that led to (or that justify) the 

decision. 
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In this section, we fint describe the characteristics of the traceability relations 

(section 6.1 .l) and the notation we use to describe them (section 6.1 2). and then define 

the three types of traceability relations (section 6.1.3, section 6.1.4: and section 6 .  1.5). 

6.1.1 Characteristics 

Backward Traceability 

The traceability relations we define are backward traceability relations. This means that 

when making the transition fkom one model to another (inter-mode1 traceability), or one 

version of a model and newer version of the same model (inter-version traceabilitv), trace- 

ability links are directionally defmed from the target model to the source model. When 

needed, fonvard tmceabilizy cm be automaticaily caiculated from the backward traceabil- 

ity relations. 

Element Level versus Model Level Traceability 

We distinguish between traceability relationships at the element Ievel and at the modei 

level. At the elernent level, each elemenr of a model can be associated with zero or more 

elements in another model, or in another version of a model. 

At the model level, we may also have many-to-one and many-to-many relationships. This 

reflects the fact that more that one elernents of a model can be associated with a set of ele- 

ments in another model, or in another version of a model. 

In this thesis, because the mode1 level traceabiiity relationships can be automaticaily 

obtained fiom the element level ones, we only explicitely define traceability relations at 

the element level. 
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Transitivity 

The transitive nature of the traceability relations we define allows obtaining a complete 

backward traceability to requirements. Thus, any model element, in any model (including 

implemention), that relates to sorne requirements can be transitively trace back to those 

requirements. 

6.1.2 Notation 

The traceability relations that we define establish cardinality relationships benveen mode1 

elements. To express these relations, we use a simple and compact notation that empha- 

sizes the cardinality aspect of the relations. Two examples of traceability relations 

expressed using our notation are given below. 

E l  tr->l..* E2 

E l  tï->o,l E2 

In the f ~ s t  case, the relation expresses the fact that an element of type El c m  be associated 

with one or more elements of type E2. The second one expresses the fact that an eiement 

of type El can be associated with zero or one element of ype E2. This basic notation cm 

be easily translated into other fomdisms, like UML associations or BNF. 

In our notation, we express alternatives using a vertical bar (1) between elements. .4n 

example is given below. In this example, an element of type E l  cm be associated with 

either an element of type E2 or an element of type E3. 
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Inter-rnodel naceability relations defme traceability links between elernents of different 

models. They allow keeping track of the transformations that take place in the transitions 

berween different models. Such aaceability provide the semantic glue that allows combin- 

ing different models (or modeling techniques) in a single development process. The defi- 

nition of such traceability relations requires a profound understanding of both the 

semantics of the notation used in the models and the relationship that exists between the 

models in the context of the development process. 

As previously discussed, a concrete development (or modeling) process defines a partial 

ordering among the set of models used in the process. In this context. we use the term 

source mode/ to refer to the input model to a model transition. and the term targer mode2 to 

refer to the model diat is produced as result of the model transition. The backward inter- 

modei traceability relations directiondy defmed from elements of the target model to ele- 

ments of the source model. 

The transition between two models may give rise to different types of traceability relation- 

ships between elements of the two models: 

One-to-one relationship - Two different cases give rise to one-to-one relationships. The 

fin one occurs when a model elernent in the source model is mapped to a semantically 

equivalent element in the target model. A typical example of this occurs when a system 

component is represented in two different models. In this case, we d e h e  a traceability 

relation between the model elements representing the component in the two models. 

The second case occurs when a model element in the source model is mapped into a set 

of elements in the target model. For example, in the transition b e ~ e e n  UCM and MSC, 

a UCM responsibility ri may be expressed as a set of messages (m , m2, . . . , m,) 
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exchanged between components (instances) in a MSC model. In this case, we defme a 

one-to-one traceability relation between each of the messages mi defined in the MSC 

model and the UCM responsibility r i .  

One-to-many relationship - One-to-many relationships occur when a set of model ele- 

ments in the source model are mapped into a single element in the target model. For 

exampie, a transition tl in a ROOMChan model cm group topther a set of message 

sending (ml, m2, . . . ,m,) dehed in a MSC model. In this case, we define a txaceability 

relation between the ROOMChart transition tq and each of the messages mi in the MSC 

modei. 

One-to-zero (or no relationship) - One-to-zero relationships occur when sorne elements 

in the target mode1 do not relate to any element in the source model. This happens 

whenever a new component is h t  introduced in the syaem in a specific model. For 

example. because system components are fust introduced in the UCM model. UCM 

components. except for the ones that correspond to extemal actors, cannot be traced 

back to any STD elernents. 

In this chapter. we defme inter-mode1 traceability relations between the following models: 

STD and requirements 

LChI and STD 

MSC and UCM 

R00M and MSC 

We do ont fomally define inter-mode1 traceability relations betn-een ROOM and UCM. 

However. in Chapter 4, we defined a set of design patterns that d o w  establishg trace- 

ability between UCM models and ROOM behavior (ROOMCharts) models, or more pre- 

ciseiy between scenario relationships and the structure of hierarehicai state machines. 
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6.1.4 Inter-Version Traceability 

In order to maintain complete traceability betwe en requiremea its and implernentation, it is 

not sufncient to maintain traceability between elements of the different models (Le. mod- 

els associated with different nodeling techniques), but it is also necessary to maintain 

traceabiiity between elernents of diffkrent versions of a model. Inter-version iraceclbilily 

relations defme such traceability links. They allow keeping track of the model transforma- 

tions that take place in the different versions of a model. 

The backtvard traceability relation between two successive versions of a model M, Say M, 

and Mn.i? are directionaly defined h m  elements of Mn, which result from the application 

of transformations, to the elements of M,,, to which the transfomations have been 

applied. 

The modifications that are made to a model may be the result of different types of transfor- 

mations. Examples o f  msforxnations include: 

Introduction of a new element - a new element is introduced in the current version of a 

model. In such case. because the new element does not result from the application of a 

model transformation to elements of a previous version of the model, we cannot estab- 

lish traceability links (relationship) between the new eiement and other mode1 ele- 

ments. The new element is the resuit of a design decision, and therefore shouid have 

design decision traceability information (see next section), but does have neither inter- 

model aor inter-model traceability informabon. 

Decomposition of an existing element - An element in one version of a model is 

decomposed into a set of refined elements in a later version of the same model. For 

example, an element El of is decomposed into three elements E 1 7 ,  E 1 2, and E 13 

in Mn. In such case, we define a one-to-one inter-version &aceabiIity relation between 

each of the elements El 1, E l 2  and El 3 on one side and E l  on the other side. 
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Composition of existing elements into a new element - A set of elements in one version 

of a model are merged into a single element in a later version of the same model. For 

example, a set of elements E l  , E2, and E3 of Mn.* are merged int6 a single element E 

in Mn. In such case, we defme a one-to-many inter-version traceability relation between 

E on one side and El, E2, and E3 on the other side. 

Replacement of an existing element - An element in one version of a model is replaced 

by a another elements in a Iater version of the same model. For exarnple, an element E l  

of M,* is replaced by an element E2 in Mn. In such case, \rie defme a one-to-one inrer- 

version traceability relation between E l  on one side and E2 on the other side. 

Also, an element E defined in may be unafTected by model transformations exe- 

cuted in Mn. In this case, we define a one-r-one inter-version traceability relation 

between the element E of Mn and elernent E of Mn.]. 

It is important to note that the purpose of defining inter-version traceability relations is not 

to define a s e m d c s  for model transformation. or a set of uansfomation d e s  that spec- 

iS, why and how transformation should be applied. Our goal here is rather to identify the 

information that need to be recorded in order to maintain traceability between require- 

ments and implementation. 

6.1.5 Design Decision Traceability 

Design decisions lead to the application of a model cansfonnations which may transfomi 

existing sets of model elements into new sets of model elernents. or introduce new ele- 

ments in a model. In a multi-mode1 development process, design decisions are taken both 

in the models (in-rnodel rnodeling phases) and Ui the transition between models (model 

transition phases). in the previous two sections, we defined inter-model and inter-version 

traceabiïty relations which allows maintainhg traceability relationships between model 
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elements resulting fiom design decisions. However, we have not discussed yet how the 

relationship between design decisions and requirements can be maintained. 

In prictice, the justification of design decisions often cornes fiom requirements. For 

example, requirements may explicitly require (impose) the use of specific components- 

services, or communication protocols. Requirements may also impose a certain level of 

robustness which lead to the definition of specific scenarios or to the choice of a particular 

system components. 

Maintaining proper documentation of design decisions is very important for several rea- 

sons. 

The modifcation of requirements rnay affect design decisions taken during the develop- 

ment process, which in tum affect model elements resulting fiom the design decisions. 

If traceability relationships between design decisions and requirements are not explic- 

itely maintained, it becomes impossible to evaluate the impact of requirement modifi- 

cation at the design decision level. 

Stakeholders are often interested in knowing how their reqirements have been 

addressed in the system. They are usually not interested so much in the detailed ele- 

ments that are related to their requirements, but rather in the major design decisions that 

resulted fiom their requirernents. Therefore, we must be able to know how each 

requirements is addressed in the system in tems of design decisions. 

At different point in t h e  during their lifecycle, systems need to be remuctured. The 

motivations for conducting system testucturing rnay be varied. They may include: 

increase of maintainability and extensibility, use of a new technoiogy, increase of sys- 

tem performance, adapt to a new standard protocol, and so on. When conducting sys- 

tem restructuring, system designers (or architects) must ensure that al1 existing 

requirements remain satisfied Therefore al1 model elements and design decisions that 

are related to existing requirements should be carefûily aoaiyzed before being modi- 

fied. 
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In order to avoid incorrect modifications of design decisions, design decisions m u t  be 

properly documented. Without proper documention, it is in general very difficult to 

remember why certain design decisions have been taken. 

Design decision traceability becomes even more important in the context of large develop- 

ment projects that involve groups of designers. In such projects, tracking design decisions 

is a difficult task. N s o ,  some designers often leave before the end of the project. and the 

rationale behind their design decisions is Lost. In an ideal process each design decision 

would be justified by a reference to requirements (if such a link exists) and/or a brief tex- 

hial description that explain the rational of the decision. This way, if requirements change, 

the impact of the changes on the models can aiso be evaluated at the design decision level. 

To maintain information conceming the justification of design decisions, we defme 

design decision traceabil@ relations. Design decisian traceability relations estabiish 

traceability links between design decisions and requirements whenever appropriate (Le. 

when a design decision is justified by rome specific requirements). This allows document- 

ing the rationale of design decisions. Design decision traceability constitues an extra levei 

of traceability on top of inter-mode1 and inter-version traceability. While inter-mode1 and 

inter-version aaceability establish Iinkages between mode1 elements. design decision 

traceability establishes linkage between the design decisions that give birth to these ele- 

ments and requirements. 

The objectives of establishing design decision traceability are threefold: 

It allows tracing back design decision to specific requirements. 

It allows linking mode1 elements to design decisions. 

It allows distinguishing design decisions that are justified by requirements fkom others. 

In order to maintain proper traceability Iliformation, design decision traceability informa- 

tion should be added at two different levels in the models: 
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At the model level, where the set of design decisions taken in a model are summarized. 

At this level, each design decision is linked to the set of requirements that jusUfies it. 

At the model elernent level, where the set of elements that resulted from a design deci- 

sion are linked to the design decision at the mode1 level. Thus. mode1 elements that 

have been defined because of some requirements are ~ansitiveiy linked back to those 

requirements (via the design decision documentation at the model levef). 

6.2 Traceability Relation Between STD and System 

Requirements 

As discussed in section 2.1.2, the goal of STD is to organize system requirements on a per 

scenario basis. Thus, elements of STD cm be hked  to individual requirements in the 

requirements lia. This allows maintainhg a strong traceability between scenarios and 

generai system requirements. 

Formally, the traceability relations between STD elements and the lia of system require- 

ments are defmed as follows. Fust, since each scenario is defined to satisQ specific h c -  

gond requirements, we define a traceability link b e ~ e e n  each STD and the set of 

functional requirements that justifies its existence. We record this information by linking 

the Sm identifier with the set of related requirements. 

(TRI) STD-identifier P-> requirernent 

Also, each STD element is linked to the set of requirements that applies to it. 

(TR2) STD - description *-A. .* requirement 
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STD-externalActorst fi-> 1 . . * requirement 

STD-triggerEvent fi-> 1.. * requirement 

STDqrecondition P-> 1 . . * requirement 

STD-responsibility tr-> 1 .. * requirement 

STD-resultingEvent tr-> 1.. * requirement 

STDqostcondition P-> 1 .. * requirement 

STD - alternatives P-> 1 .. * requirement 

STD-nonFunctionalReq n-> 1.. * requirement 

The traceability relation between STD elements and requirements is many-to-many, i.e. 

each scenario element may be linked to a set of requirements, and a single requirement 

may be linked to more than one scenario elernents. 

6.3 Traceability Relations in UCM Models 

In this section, we define a set of traceability relations for UCM mode1 elements. 
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6.3.1 Inter-Mode1 Traceability between UCM Models and STDs 

UCM models are composed of two parts, path and structure. In this section, we seperately 

analyze the traceability relationships that exist between these two parts of UCM models 

and STDs. 

Traceability between UCM Paths and STDs 

STD and UCM both describe scenario paths at the same level of absraction. In fact UCM 

maps are usually associated with a texnial description that briefly descnbes its overall 

objective and its different elements: responsibiiities, pre and post-conditions, and eigger- 

ing and resulting events, alternatives, and non-functional requirements that apply to the 

scenario. 

Also' STD and UCM both dlow for the grouping of related scenarios into scenario clus- 

ters: STD groups together main scenarios with alternatives, while UCM uses the concept 

of related path set to express alternatives to main scenarios. 

In the context of RT-TROOP, we establish a direct relationship between a STD and a 

UCM relared path set; we associate an STD with each UCM related path set. This ensures 

a strong traceability berneen UCM models and requirements. Formally, the traceability 

relation between UCM path and STD is defmed as follows. 

Then each path within a UCM related path set is associated with a specific scenario in a 

STD. In the following relation, the tenn STD-scenario can refer to either the main sce- 

nario described in an STD, or one of its alternatives. 
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At a more detailed Levei, we defme a one-to-one relationship between elements of a UCM 

path and elernents of a S ' I D  as follows: 

(TRI 5) UCM - responsi bility n-> STD-responsibility 

(TRI 7) UCMqostcondition tr-> STDqostcondition 

Traceability between UCM Structure and STDs 

In terms of srncture, STDs contain very linle information. In fact, STDs are only con- 

cemed with the set of extemai actors that participate in the execution of the scenario. Such 

extemai actors may either represent users (humans) of the system or other systems with 

which the system cornmunicate during the execution of the scenario. 

In relation with the UCM model, each of the STD extemai actors is mapped into a UCM 

component. However, system components described in a UCM model can not be linked 

back to any STD element. Therefore, the traceability relation b e ~ e e n  UCM components 

and STD extemal actors c m  be expressed as follows. 
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6.3.2 Inter-Version Traceability in UCM Models 

Mode1 Transformations in UCM models 

UCM is more than jus a graphitai representation for scenario texnial descriptions. It is a 

hi& level modeling technique that allows performing design activities such as: 

Definition of a new map in a GCM model. 

Path composition (in composite rnaps), ahich allows composing a set of paths in a sin- 

gle map. This allows describing relationships, like interaction and concurrency. 

between a set of paths. 

Responsibility decomposition. which allows refining existing responsibilities into sub- 

responsibilities or stubs. 

Definition of new paths in a related path set. 

Defînition of new responsibilities on a path. 

Definition of new components in a map. 

Cornponent (or structure) decomposition, which allows decomposing a system compo- 

nents into a set of sub-components. 

Responsibility allocation (or re-allocation), which allows allocating sers of responsibil- 

ities to specific components. 

Path restnicniring, which may include path factoring, that allows cutting a path into a 

set of sub-paths, and path rnerging (the opposite process), that d o w s  merging a set of 

individual paths hto a more complex path or into a related path set  

To keep track of the modifications that are made to a UCM model in the different itera- 

tions, we define a set of inter-version triiceability relations between elements of a UCM 

model. This ailows linkuig elements of Werent versions of a UCM model. As previously 
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discussed, these relations are backward ones, Le. they are directionaly defined from ele- 

ments of UCM-model, to elements of UCM-m~del,.~. 

Inter-Version Traceability in Relations 

UCM Models and Maps 

Fùst, because UCM models are composed of a set of UCM maps. and because maps are 

incrementally added to UCM models through iterations, we defme an inter-version trace- 

ability relation between UCM maps. A map UCMi contained in UCM model, may either: - 

corne from a previous version of the mode1 (UCh.'_m~del,-~). in which case we need to 

define a traceability link between UCMi of UCM-model, and UCMi of KM-model,. 

1, or 

be defined in the cunent version of the UCM mode1 (UCM - model,), in which case 

there is no traceability link to elements of previous versions of the UCM model. 

This relation is captured as follows. 

Paths 

We establish a O,..,* inter-version traceability relation b e ~ e e n  UCM paths of two differ- 

ent versions of a UCM model. This reflects the fact that: 

a new UCM path p may be introduced in UCM-m~del~. in this case, p is not iinked to 

any path in UCM-rnodel,*. 
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a UCM path p in UCM-model, may corne directly from UCM-m~del,-~ (Le. p existed 

in UCM-m~del,~ and is not modified in UCM-model,), or p rnay be a sub-path of a 

path ki UCM - r n ~ d e l ~ . ~  (Le. p is the resuit of a path factoring). In this case, p is linked 

to exactly one path in UCM-model, l .  

a UCM path p in UCMn may be the result of merging a set of paths contained in UCM,- 

1. In this case, p is linked to each of the path of involved in the merging. 

This relation is expressed as follows. 

Responsibilities, and Components 

A similar reasonnùig applies to UCM responsibilities and UCM components as we define 

the two following relations. 

(TR2I)  UC M - responsi bility tr->o, 1 UCM-responsi bility 

Stu bs 

A UCM responsibility may aiso be replaced by a stub. For this purpose, we defme a one- 

to-one traceability relation between UCM stub and UCM responsibility. 

In a UCM model, each stub must be associated with one or more maps that might be 

plugged-in the stub at run-the. To capture this relationship, we define a 1,..,* traceability 

relation between between UCM shib and UCM map. 
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It should be noted that a UCM map can be associated with more than one stub. 

Path Interactions 

In the UCM modeling phase, sets of scenarios may be cornposed in composite maps. This 

allows specieing important system interactions between scenarios. Therefore. new sce- 

nario interactions may be defineci in UCM models using the scenario interaction notation. 

For this purpose, we define the following traceability relation between scenario interaction 

symbols. 

To capture the relationship that is established b e ~ e e n  responsibilities and component dur- 

hg responsibility allocation, we define a one-to-many (O,..,*) traceability relation benveen 

L'CM components and UCM responsibilities. This reflects the fact that each component in 

a UCM mode1 may be responsible for implementing zero or more responsibilities. 

6.3.3 Design Decision Traceability in UCM Models 

To keep track of the relationships that may exist between the design decisions discussed in 

section 6.3.2 and requirements, we defuie traceability relations between design decisions 

and requirements. The cardinality is zero when the design decision is not linked to any 

requirements, Le. it results of a pure design decision, and it is one or more when the design 

decision is justified by some requirements. 
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dso,  in order to maintain traceability between elements resulting fiom GCM model trans- 

formations and design decisions, we define a traceability relation between UCM elements 

and the design decisions that resulted in their creation. The 0,l cardinaiity reflects the fact 

that a UCM element may be the resdt of a design decision (cardinality l), or it may corne 

directly from another model (cardinstlity O). 

6.4 Traceability Relations in MSC Models 

in this section, we defme a set of traceabiliv relations for UCM mode1 e 

6.4.1 Inter-Model Traceability Between MSC Models and UCM 

Models 

High-Level Relationship between UCM and MSC Models 

Prior to definhg a set of detailed-level traceability relations between elements of UCM 

and MSC, we briefiy review the hi&-level relationship that exists between UCM models 

and MSC models. A schematic view of this relationship is illustrated in Figure 191. A 

UCM model is composed of a set of UCM maps, labeiled K M i ,  UCMz, ...? UCM, in 

Figure 19 1, and a set of UCM related path sets, labelled SI, SZ, ..., Sn (see section 2.2.8 for 

more details). Simarly, a MSC model is cornposed of a set of individuai MSCs, labelled 

MSCI, MSC2, and MSC, in Figure 191 (see section 2.3.4 for more details). 
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We estalish a one-to-one traceability relationship between L'CM related path sets and 

MSCs. Moreover, if a related path set is composed of more than one path segment, then 

the generated MSC is composed of a HMSC and a set of basic MSC, where for each path 

segment in the related path set we define an MSC reference in the HMSC and a corre- 

sponding basic MSC . 

FIGURE 191. Relationship between UCM and MSC 

At a detail level, we establish traceability relationships between the following elements of 

the wo models: 

L'CM components and MSC instances 

UCM triggering and resulting events and MSC messages 

UCM responsibilities and MSC sequences of messages and actions 

UCM path segments and MSC references in HMSC 

UChl path segments and basic MSCs 

L'CM path segment connectors and MSC reference coimectors in HMSCs 

L'CM m b s  and HMSCs or basic basic MSCs 
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Traceability Relations between HMSCs and UCM Models 

At the HMSC level, we defme the following inter-mode1 traceability relations between 

MSC and UCM. These relations corne directiy from the previous discussion on the hi&- 

level reiationship between UCM and MSC rnodels. 

lTR29j MSC - hmx: P->KM-relateciPathset 

This traceability relation (TR30) is generalized IO include UCM stubs in TR40. 

HMSCs aiso contains MSC conditions. At the HMSC level, conditions correspond to sys- 

tem States, Le. they apply to the overall set of instances (cornponents) containeci in the 

MSC. When making the transition between UCM and MSC, UCM preconditions and 

postconditions are mapped into MSC conditions. However. not al1 MSC conditions are 

associated with UCM preconditions and postconditions. Some of diem are introduced as 

result of design decisions. Thus, the traceability relation between MSC conditions and 

UCM preconditions and postconditions is optional (O? 1 ) .  

This ûaceability (TR32) relation is generalized to include UCM waiting places in TR38. 

Traceability Relations between Basic MSCs and UCM Models 

At the basic MSC level, we define the following inter-mode1 traceability relations between 

MSC and UCM. 

First, we associate a basic MSC with each UCM paîh segment. 
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Then, we express the high-level scenario description given by the UCM path segments in 

terms of basic MSCs. This results in the following traceability relations. 

Structure Level 

At the structure level, each UCM component is associated with a MSC instance. However. 

rhe inverse is false. Some MSC instance may have no equivaience in the UCM model. 

Therefore. the relation between MSC instance and MSC cornponent is optional (O? 1) .  

Also? we introduce a MSC timer for each UCM timer. The relation is optional (0.1) 

because a MSC timer can be introduced in a MSC model as a result of a design decision 

w i h  no equivalence in a UCM model. 

Path Level 

At the path level, UCM start point (deiïned in terms of a precondition and a set of possible 

triggering events), end bar (defined in ternis of a postcondition and a set of possible result- 

h g  events), responsibilities, waiting places. stubs must be expressed in ternis of basic 

MSC elements. 

When moving from UCM to MSC, dl UCM trigpering and resulting events are mapped 

into MSC messages, and every UCM responsibility is expressed as a sequence of MSC 

messages and actions. Therefore, a MSC message may be linked to either a UCM respon- 

sibility, a UCM triggering event, or a UCM resulting event. 
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A MSC action on the other hand can oniy be linked to a UCM responsibility. 

(TR3 7) MSC - action P-> UCM-responsibility 

Semantically, a UCM waiting place is a system state in which a scenario is blocked wait- 

ing for an unblocking event. Thus, when moving fiom UCM to iMSC, we associate a MSC 

condition with each UCM waiting place. This leads to the generalization of Tm? that can 

be rewritten as follows. 

Mso. if the waiting place is a timed waiting place (timer), we defme a MSC message fiom 

the component that contains the UCM timer to a MSC timer instance. This leads to the 

generalization of TR36 that can be rewritten as follows. 

FinaIly, we associate a MSC reference (in basic MSCs) with each UCM snib contained in 

a path segment. This leads to the generalization of TR3O that c m  be rewritten as follows. 

(TRIO) MSC-reference tr-> (UCMqathSegment j UC-s tub)  

6.4.2 Intra-Model Traceability in MSC Models 

Mode1 Transformations in MSC models 

A MSC mode1 is composed of a set of HMSCs and basic MSCs. It is incrementally built 

through iterations as new scenarios are added to the -stem, or existing ones are modified. 

The addition of a new scenario to the systern may result either: 
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In the creation of a new HMSC, in the case where the new scenario is part of a new 

UCM related path set. 

In the addition of new MSC references (and corresponding basic MSCs) to an existing 

HMSC, in the case where the new scenario is added to an existing UCM related path 

set. 

In both cases, it requires the introduction of new MSC references in HMSCs and the defi- 

nition of new basic MSCs. 

The modification of existing scenarios may require the creation of new elements in basic 

MSCs, or the modification of existing ones. 

Model transformations that rnay be done in MSC modeis during an iteration include: 

Defuiition of new HMSCs or basic MSCs. 

Introduction of new MSC references. 

Definition of new instances (components), messages, actions. conditions. and refer- 

ences. 

Decomposition (or refinement) of exisUng instances (components), messages, and con- 

ditions. 

These model transfomations may be cmied out as a result of MSC restnicturing, intro- 

duction of new scenarios, or refinement of existing scenarios. 

To keep track of the modifications that are made to a MSC model in the diserent itera- 

tions, we define a set of inter-version traceability relations between elements of MSC 

models. This allows linking elements of different versions of a MSC model. As previously 

discussed, these relations are backward ones, Le. they are directiondy dehned fiom ele- 

menu of MSC-model, to elements of MSC-model,. 
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Intra-Mode1 Traceability Relations 

A HMSCs contained in a MSC-model, may either: 

Corne fkom a previous version of the model (MSC-rn~del,.~). in whch case we need to 

establish a one-to-one traceability relation between the HMSC of the two versions of 

the MSC model. 

Be defined in the current version of the MSC model (MSCmodel,), in which case 

there is no traceability link to elements of previous version of the MSC model. 

This is captured by the following optional (0- 1 )  traceability relation. 

Reference and Basic MSC 

A similar reasonning also apply to MSC references and basic MSCs. This lead to the fol- 

lowing traceability relations. 

Basic MSCs are composed of instances, messages, actions, conditions, and references. 

The following inter-version traceability relations are defined for these elements. 

Instance, Message, and Condition 

During an iteration, the set of instances, messages, and conditions that exist in 

MSC - modelPl may remain intact, or be decomposed into a set of refmed ones. . ~ s o .  new 
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instances, messages, and conditions may be introduced. For this purpose, the following 

inter-version traceability relations. 

(TR16) MSCcondition tr->o 1 MSCcondition 

Action 

New MSC actions may also be inûoduced in a basic MSC as a result of scenario refme- 

ment. This lead to the following relation. 

Reference 

Also, as a resuit of replacing a responsibility by a snib in a UCM model (TRZ), the set of 

messages and actions that are associated wîth the replaced responsibility need to be 

replaced by a MSC reference in the MSC model'. In this case, a tracability relation is 

established between the new MSC reference and the set of messages. actions, and condi- 

tions it replaces. Since each UCM responsibility is associated with at least one element in 

the MSC model, the resulting relation has cardinality 1,..,*. 

1. As described by TR40, UCM stubs are mapped ont0 MSC references in the narsition between UCM and 
MSC. 
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6.4.3 Design Decision Traceability in MSC Models 

As in UCM models, we defme traceability relations between design decisions and require- 

ments. The carciinaii~ is zero when the design decision is not linked to any requirements, 

i.e. it results of a pure design decision. It is one or more when the design decision is justi- 

fied by some requirements. 

MSCdesignDecision fi->o >-.? requirement 

Also. in order to maintain traceabiliy between elements resulting fiom UCM model tram- 

formations and design decisions? we define a traceability relation between UCM element 

and the design decision that resulted in its creation. The 0,1 cardinaliry reflects the fact 

that a UCM element may be the resuit of a design decision (cardindity- l), or it may corne 

directly fkom another model (cardinality O). 

6.5 Taceability Relations in ROOM Models 

In this section. we defme a set of traceability relations for ROOM model elements. 

6.5.1 In ter-Mode1 Traceability Betweeo ROOM Models and MSC 

Models 

When we sa? that we establish a relation between a ROOMChart element, like a transition 

action. and an MSC element, like a message, we acnially refer to a specinc message arrow 

in a specific basic MSC. Thus, fiom this point of view, every MSC message is unique, 
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even if two messages share the same name (identifier). The same principle applies to MSC 

instances. ROOM components are Iinked to specific instances in the MSC model, which 

are defined on a per MSC basis. 

Traceability Between ROOM Structure Models and MSC Models 

A ROOM structure model is defined in terms of a set of actors, a set of ports' and a set of 

bindings. In MSC models, system structure is defmed in terms of a set of instances and a 

set of messages exchanged between the instances. The concepts of interface components 

and bindùigs (communication channel) do not explicitly exist in MSC. 

In the definition of a ROOM structure model fiom a MSC model, we: 

Define a set of ROOM actors to play the roles defined by instances in the MSC models. 

Define a set of ROOM actor ports by which actor can exchange messages. 

Define bindings that actors together. 

In this section? we establish traceability relations between structure elements of the two 

models. 

Actor 

A ROOM actor can play the role of one or more (1 ,...*) MSC instances. 

Port 

A ROOM port can be associated with one or more MSC messages. 
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Binding 

A ROOM binding can be linked to the set of MSC messages that can flow through it. 

(TRjl)  ROOM-binding Ir-> MSC-messages 

Inter-Mode1 Traceability Between ROOMCharts and MSC Models 

Sta te machine 

Because a state machine can encapsulate a set of scenarios (defmed by means of MSCs), 

we establish a traceabiiity relation between ROOMChart state machines and the set of 

HMSCs and basic MSCs that describe the scenarios that can be executed the state machine 

(the set of scenarios for which the state machine has been defined). The cardinality of the 

relation is zero if the state does not encapsulate any scenario. This is the case in particular 

for primitive states. 

A ROOMChart state can be associated with a MSC condition. Al1 ROOMChart primitive 

states should be related to a MSC condition. A composite state on the other hand may have 

been created as a result of a design decision. Thus, ROOMChart states have an optional 

(0,l) relation with MSC conditions. 
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Transition 

A ROOMChart transition is composed of a sequence of transition segments. Each segment 

is associated with a (possibly empty2) sequence of MSC messages and actions. This is 

capnired by the following relation. 

The filst message defined in a transition must be an incoming message. It corresponds to 

the triggering event of the transition. Then, al1 other messages and actions take place on 

the transition itself. All of the messages. other than the incornhg triggering event, must be 

outgoing messages. except the ones that correspond to the reply of synchronous communi- 

cation. 

-4 ROOMChart transition c m  be triggered by one or more triggenng messages. Oniy the 

fxst segment of a transition cm contain a triggenng event. 

The transition action code executed on a transition contains zero or more transition 

actions. Each ROOMChart transition action can be related to a MSC message or a MSC 

action. However, part of the transition actions are defmed for the purpose of data manipu- 

lation, i.e. computing data, assigning new values to variables, d e f k g  new data objects. 

packaging data in objects that are to be send with messages. and so on. The ~ansition 

actions required for such data manipulation have usually no relationship with MSC ele- 

ments. For th is  reason, the traceability berneen a ROOMChart transition action and MSC 

elements is optional (0,l). 

2. The transition as a whoIe mut be associated with a lem one message, the one that corresponds to the 
transition triggering event, but transition segment can be empry. 
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In the RT-TROOP modeling process, we associate a ROOMChart function with each MSC 

action. The function defines an implementation for the action defined in the MSC rnodel. 

However, not d functions are associated with MSC actions. Some fùnctions are defined 

in ROOMChan models for different purposes, cg. data manipulation. Therefore, we 

define an optional (0,l) traceability relation between ROOMChart functions and MSC 

actions. 

(TRj  7) ROOMChart-fiction R->~,  MSCaction 

State Entry and Exit Action 

Part of the actions executed on a transition c m  also be placed in state entry and exit 

actions. These actions that are executed at the very beginning or at the very end of the 

transition can contained the same type of actions as the ones contained in the transition 

themselves. The traceability relations between ROOMChart state entry and exit actions 

and MSC elements are described as follows. 

(TRj8) ROOMChart-stateEntryAction (MSCmessage 1 MSCaction) 

Timer 

ROOMChart dso ailows for the use of timing services. In order to use timing services? 

users must define a T i i g  sap in the ROOMChart model of the actor that requires the ser- 

vices. In RTTROOP, we define a timing Sap in the ROOMChart of an actor every tirne the 

MSC instance that corresponds to the actor uses a timer in the MSC model. To capture 

this, we defke a traceability relation between ROOMChart timing saps and MSC timers. 

This relation is optional because in some cases timing services may be defined in ROOM- 

Chart models even if no timer is defined in the MSC model. 
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CR 60) ROOMChart-timer Sap ~ - 3 ~ ~  MSC-timer 

6.5.2 Inter-Version Traceability in ROOM Models 

During an iteration, any element of a ROOM model that existed in ROOM-rn~del,.~ rnay 

be remain intact, or be decomposed in a set of sub-elemen~s. New eiements rnay also be 

introduced. 

To keep track of the modifications that are made to a ROOM mode1 in the different itera- 

tions, we define a set of inter-version traceability relations between eiements of ROOM 

models. This allows linking elements of different versions of a ROOM model. As previ- 

ously discussed, these relations are backward ones, i.e. they are directionally defmed from 

elements of ROOM-model, to elements of ROOM-mode!,. \. 

In this section, we separately discuss inter-version traceability in ROOM structure models 

and in ROOMChart models. 

Inter-Version Traceability in ROOMChart Models 

ROOM structure models are composed of three types of elements: actors, ports, and bind- 

ings. During an iteration, the following operations may be done on structure eleme~ts. 

A new elernent may be created, in which case there is no traceability relation with ele- 

ments of ROOM-model,. l .  

An element of ROOM-modelml may be used as is in ROOM-model,, in which case 

there is a one-to-one traceability relation benveen the element in the versions. 
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An element of ROOM-rn~del,.~ is decomposed in a set of sub-elements in 

ROOM - mode!,, in which case there is a one-to-one traceability relation between each 

of the resulting elements in ROOM-model, and the element of ROOM-modelml to 

which the decomposition has been applied. 

This resuit in the following three traceability relations. 

(TR61) ROOM-actor~->~,~ ROOM-actor 

(TR 63) ROOM-binding P->o, ROOM-buiding 

Inter-Version Tracea bility in ROOM Structure Models 

State machines 

During an iteration, a new state machine may be defmed to satisfy new scenarios and 

plugged-in a state. It rnay also be defined as a result of the restnicturing of a ROOMChart 

model. 

(TR64) R0OMCha-t-suiteMachine n-> ROOMC hcstateMachine 

States 

New States may be introduced. 

Transitions 

During an iteration, a transition segment may be decomposed into a sequence of smaller 

segments. This occurs when restructuring ROOMChan models. 
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(TR66) ROOMChart-transitionSepent P->O,~ ROOMChart-transitionSegrnent 

New transition aiggering events and transition actions may be introduced on a transition. 

(T.67) ROOMChm-eansitionTnggering 1 ROOMChart-transitionTriggering 

(7" 68) ROOMChart-transitionAction ~ - > o ,  ROOMChart-transitionAction 

Functions 

New functions may be introduced. 

flR69) ROOMChartJmction n->o ROOMChart - function 

State Entry and Exit Actions 

New state entry and exit actions may be introduced in a state. 

C R  70) ROOMChart-stateEntryAction h->O 1 ROOMChart-stateEntryAction 

Timer 

New timer saps rnay be introduced. Timer saps may be introduced in association with a 

MSC timer. or it may be introduced as a result of a design decision at the ROOM level. 

ITR 21 ROOMC hart-timer Sap +>O ROOMChart-timerSap 

6.5.3 Design Decision Traceability in ROOM Models 

Sirnilarly as in the other models, we define traceabiliv relations between design decisions 

and requirements. The cardinality is zero when the design decision is not linked to any 
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requirements, i.e. it results of a pure design decision. It is one or more when the design 

decision is justified by some requirements. 

ROOM-designDecision @->O *..- * requirement 

In ROOM modeling (both at the structure and at the behavior level)? a design decision 

may consist in applying a design pattern. 

Also, in order to maintain traceability between elements resulting fiom ROOM model 

transformations and design decisions, we defme a traceability relation between ROOM 

element and the design decision that resulted in its creation. The 0?1 cardinality reflects 

the fact that a ROOM element may be the result of a design decision taken in the ROOM 

model (cardinality l), or it may corne directly from another model (cardinality O). 

6.6 Summary 

In this chapter, we defined three different types of traceability relations: inter-mode1 trace- 

ability, which establishes traceability links between elements of different models, inter- 

version traceability, which establishes traceability links between elements of different ver- 

sions of a single model, and design decision traceability, which establishes traceability 

links between the rational of a design decision and specific requirements that led to the 

decision. 

Then, we used these three types of traceability relations to defme a set of fine-borained 

traceability relations for each of the models used in the RT-TROOP modeiing process' i.e. 

STD, UCM, MSC, ROOM. 
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The resulting set of traceability relations d o w s  rnaintaining consistency between the dif- 

ferent models used in the RFTROOP modeling process. It aiso allows cvaluating the 

impact of requirement modification on the different mode1 elements. 
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As described in section 1.3, ths thesis addresses the difficult problem of defining a sys- 

tematic and traceable progression between scenario textual descriptions and cornmunicar- 

ing hierarchical state machine models in the context of complex real-the system design. 

In this chapter, we summarize the main contributions of the thesis, discuss our experience 

impiementing them, discuss their impact on the discipline of software engineering, and 

give a list of topics for hture research. 

7.1 Summary of Thesis Contributions 

In this section, we sumrnarize the five main contributions of the thesis. 

7.1.1 Definition of the RT-TROOP Modeling Process 

In this thesis, we dehed the RT-TROOP modehg process. This process dlows for a sys- 

tematic and traceable progression between scenario texnial descriptions to a communicat- 

ing hierarchical state machine model. It also allows establishg and maintainhg 

traceability between requirements and implementation. 
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The RT-TROOP modeling process is defmed in terms of a set of models and a set of mod- 

eling phases. The models include STD, UCM, MSC, and ROOM. The set of modeling 

phases contains both in-mode1 modeling phases and model transition phases. The in- 

mode1 modeling phases defines the types of model transformations that may be carried out 

in the different models. The model transition phases define how the transition between 

models can be made in a consistent manner. They define semantic relationships between 

elements of the different models, and define a set of steps, each addressing a specific 

aspect of real-time system design, that allows making the transitions in a systemauc man- 

ner. 

The main contribution of the RT-TROOP process is a first cut at a comprehensive process 

going from requirements, or more specifically fiom a set of scenario texmi descriptions, 

to an executable model from which implementation can be automatically generated. Some 

parts of this process are described at a more detailed Ievel than others, and constitute the 

technical contributions of this work. 

7.1.2 Integration of the UCM Modeling Technique 

The RT-TROOP modeling process defmed in this thesis inregrates the UCM modeling 

technique in a concrete modeiing process. The set of modeling phases defined in RT- 

TROOP establishes semantics relationships between UCM on one side and STD, MSC? 

and ROOM on the other side. This by itself constitutes a main contribution of the thesis as 

it corresponds to a need often raised by indusaial software engineers interested in using 

UCM. 

In paaicular, we defined a concrete transition method between UCM and MSC. This 

method allows automaticdy generating a HMSC (High-level MSC) fiom a UCM related 

path set. It also allows defining a basic MSC fiom a UCM path segment in a systematic 

and traceable manner. In this step, each MSC element is linked back to a UCM element. 
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The main task of a designer here consists in refining each UCM responsibility as a 

sequence of MSC messages and actions. 

In the context of the unification of modeling techniques, where UML becomes the stan- 

dard, the integration of UCM in a concrete modeling process is crucial for the funue of 

UCM. Because of the close semantic relationships that exists between ROOM and MSC 

models, and UML models, we believe that the research results of t h s  thesis could provide 

the basis for the integration of the UCM modeling technique in UML. 

7.1.3 Definition of Behavior Integration Patterns 

This thesis proposes a set of process and design patterns to help designers making the tran- 

sition betsveen scenario models and hierarchical state machines. These pattems ailow 

establishing a strong relationship between scenario models and hierarchical state machine 

structures. The set of pattems defmed in this thesis includes patterns that deal with differ- 

ent aspects of hierarchical nate machine desi- such as scenario partionning? state 

machine integration, state machine structuring, and different types of scenario interac- 

tions. 

The patterns we defined use a two-step approach. In the fust step, the detail-level scenario 

descriptions provided by interaction diagrarns is used to defme state machines on a per 

scenario basis. In the context of the RT-TROOP modeling process. these state machines 

correspond to the role behavior state machines that are defined in the transition fiom MSC 

to ROOMCM (section 3.11). In the second step, inter-scenario relationship information, 

such as the scenario interaction information contained in the UCM rnodel, is used to corn- 

pose the state machines obtained in the fïrst step into more cornplex hierarchicd state 

machines . 
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The definition of these design pattern is an important contribution of this thesis. There 

are, to our knowledge, no other research projects that address this problem in the context 

of concurrent and interacting scenarios. We believe that the use of such patterns increases 

component behavior maintainability and extensibility. 

7.1.4 Traceability Relations 

In this thesis, we define three different types of traceability relations: inter-mode2 trace- 

abiliq, which establishes traceability links between elements of different rnodels, infer- 

version naceability, which establishes traceability links between eiements of different ver- 

sions of a single model, and design decision îraceability, which establishes traceability 

links between the rational of a design decision and specific requirements that Ied to (or 

that justie) the decision. 

We then used these three types of traceability relations to define fine-grained traceability 

relations for STD- UCM, MSC, and ROOM in the context of the RT-TROOP modeling 

process. 

The resulting relations could be irnplemented in a tool to facilitate the maintenance of con- 

sistency between models. This wodd dlow evaluating the impact of modifications on the 

different models. 

7.1.5 Development of Case Studies 

In this thesis, a simple printer system case study has been dcveloped to illustrate the differ- 

ent phases of the RT-TROOP modeling process. The deyelopment of this simple system 

ailowed us to illustrate the systematic and traceable aspects of RT-TROOP modeling. In 
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the conte= this research project several other systems have also been developed in both 

an industrial and academic context. Some of them have been the subject of reports ([72], 

and [73]), while o h s  are still under development. The development of these different 

systems is by itself an important contribution of the thesis. 

7.2 Implementation Results 

In rhis section, we briefly relate our experience in irnplementing the RT-TROOP modeling 

procesç, the behavior integration patterns, and the traceability relations. 

7.2.1 Implementation of the Modeling Process 

The RT-TROOP modeling process is a concrete modeling process that has already been 

irnplemented in an indusnial developrnent process at CML ~echnolo~ie's. Another imple- 

mentation of the RT-TROOP modeling process is also underway at CRC (Communication 

Research Center) in a satellite communication project. In both of these indusmal projects, 

RT-TROOP is used as the core of the developrnent process. It has also been used by sev- 

eral undergraduate and graduate students in the context of different projects. 

1. CML Technologies is a 150 employees Company speciaiized in the development of telecommunication 
systems such as mobile radio consoles, air traffic control communications, Enhanced 9- 1 - 1 emergency 
calling systems, and other specialUed switching systems for customizcd cornputer telephony applica- 
tions. 
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CML Technologies Project 

The project at CML Technologies, which started in September 1998, aims at developing a 

new generation of programmable telephone switches for enhanced telephony services. 

This project, which is evaluated to between three and four million dollars over a penod of 

two years, involves a team of twelve software engineers. It involves both software and 

hardware development. CML Technologies and the team of so mare engineers involved 

in the project had no previous background in object-onented software development. 

In this project, the RT-TROOP modeling process has been implemented using the Rational 

RequisitePro requirement management tool [81] and the ObjecTime Developer Toolset 

[68]. Because of the non-availability of a UCM tool on a Windows platform, the CiML 

Technologies implementation of RT-TROOP does not fomally include the UCM model- 

ing technique. However, UCM are used informally in architecture meetings to capture sce- 

nario interactions. The scenario interaction information is maintained in a textual format. 

In this project, the ObjecTime Testscope testing tool [69] is also used for the purpose test- 

ing . 

The feedback we have so far fiom CML Technologies senior managers and software engi- 

neers involved in the project is very positive. Senior managers are particularly impressed 

by the speed of development aad by the qudity of the documentation. The software engi- 

neers on the other hand believe that the systematic nature of the modeling process signifi- 

c d y  simplifies their task. 

CRC Satellite Communication Project 

The project at CRC, started May 1999, aims at developing a satellite communication con- 

trol system. 

In this projecî, the full RT-TROOP modeling process will be implemented, including 

UCM. This implementation of RT-TROOP will be done using a set of tools that includes 
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the Rational RequisitePro [81] requirements management tool, the UCM Navigator tool 

[65], the new Rational Rose for Real-Time toolset [80], and the ObjecTirne Testscope [69] 

testing tool. 

Implementation Results 

Experience with the integration of the RT-TROOP modeling process in an industrial con- 

text showed that the process can be quickly understood and applied. The systematic 

approach helps inexperienced designers understand the different issues. It also heips hem 

designing system in a more ngorous marner. Once the? understand the relationships 

between the different models, they can bener explain and justi. their design decisions in 

the context of the overd set of system models. 

Overhead 

Implementauon of the process showed that the overhead of the process is very low if sup- 

ported by toois. It also showed that the overhead of producing different models is over- 

corne by the increase in system understandabiliv provided by the different levels o f  

abstraction of the different models. 

Maintainability 

The different levels of absaaction provided by the different models significantiy increase 

system understandability and maintainability. For example, when a designer wants to 

understand the behavior of a set of components in the context of a cenain scenario, s/he 

can refer to the customized MSC mode1 to have al1 the details about the behavior of each 

component for the specific scenario. The fact that the MSC are always up-to-date simpli- 

fies considerably this type of activity. 
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The customized MSC mode1 produced during the design phase of the system c m  be used 

to test the final ROOM mode1 of the system. Tools like the ObjecTime Testscope tool can 

be used for this purpose. 

7.2.2 Implementation of the Behavior Integration 
Patterns 

The use of the behavior integration patterns in both industrial and acadernic contexts has 

been very conclusive. 

In an indumial context, it simplified the task of integrating new scenarios into an existing 

system. It also allowed obtaining a consistent stnichiring of the hierarchicai state 

machines across out the membea of the deveiopment team, which increases the under- 

standability of complex component hierarchicai state machines. 

A direct impact of the use of the pattern is a significant reduction of the tirne required to 

conduct design reviews by the system architects. The latter cm navigate more easily in 

component behavior state machines to find required idormation. We believe that if ùie 

use of the design patterns helps the architects to find required infornation faster in a rela- 

tively new system, the benefits will be even higher as the system ages and gets more and 

more complex. 

In the acadernic context, it significantly facilitates the teaching of complex component 

behavior design. The feedback we have fiom students is very positive. Students sa); that 

the design patterns help them understand the rational behind complex component behavior 

structuring. 
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7.2.3 Implementation of the Traceability Relations 

In the CML Technologies project, because of the lack of support for inter-rnodel traceabil- 

ity relations in the ObjecTime Developer toolset only part of the traceability relations 

have been implemented: backward traceability to requirements, and backward traceabilih 

to STDs. The implemented traceability relations have shown to be particdarly useful for 

the change impact anaiysis. However, it is too early to evaluate the long-tenn impact of 

the traceability relations on rnaintainability and extensibility. 

7.3 Impact of Contributions 

In th is  section, we discuss the impact of the thesis contributions on the work of experi- 

enced designers, inexperience designers, and tool development. 

Experienced Designers 

From the experience we have using the RT-TROOP modeling process in an industrial con- 

text, we believe that the use of a systematic and traceable process can significantly facili- 

tate system modifications by maintaining explicit relationships between mode1 elements. 

We also believe that the definition of design patterns to perform the transitions between 

scenario models and communicating hierarchical state machines can facilitate the task of 

indumial designers (expenenced and inexperienced) and increase the reuse of standard 

solutions. They can also facilitate the uniform application of a methodolog in the context 

of large development projects. 
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Inexperienced Designers 

Teaching design to inexperienced designers is a difficuit task. We believe that research 

results of this thesis will facilitate this rask in three ways. First, the definition of a set of 

mode1 transition techniques will help designers understand the transition between models 

as a set of steps, each involving different design issues. Second, the definition of a system- 

atic and traceable modeling process will help them understand the transition between 

requirements and communicating hierarc hical state machines as a rational process. Third 

the d e f ~ t i o n  of the design patterns will $ive them access to hierarchical state machine 

models developed by design expert and thus give them access to expert knowledge that 

othenvise takes years to obtain. 

Tool Development 

With respect to tool development, we believe that the set of traceability relations defmed 

in this thesis between STD, UCM, MSC and ROOM could be used as a basis for the inte- 

gration of the four modeling techniques in a CASE tool. It could also be used as a basis for 

the definition of a fomal framework for the verification of communicating hierarchical 

state machine models against scenario models. Research for the development of such a 

framework is under way. 

7.4 Future Work 

This section gives a lin of future research work triggered by the research of this thesis. 

Adapt the RFTROOP modehg process to UML models 

Dehe more behavior integration patterns 
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D e h e  new integration pattern and add them to the existing set. The objective here is 

to develop a catalogue of patterns that could be used in the context of hierarchicd state 

machine design. 

The existing catalogue could also be customized for specific type of applications. 

Define a set of test cases for each design patterns 

This would allow standardking the testing of each design patterns and thus reducing 

the chances of errors in systems. 

This way, testing experience can be shared among designers. Thus. the set of test cases 

associated with a design pattern could grow incrementally with the use of a pattern. -4 

designer that uses a design pattern for the first t h e  would have access to the test cases 

that have been developed over tirne by other designers. 

AugmentRT-TROOP with a testing process that would allow for the testing of sets of 

concurrent and interacting scenarios. 

The importance of mode1 verification and testing is widely recognized. In the last 

decades many different testhg methods have been defined. State machine testing in 

particuiar has been the subject of many papers. More recently, with the growing pop-  

lanty of scenario-driven (or use-case dnven) approaches, severai researchers have pro- 

posed using scenarios as a bais for systern testing. 

However. one aspect of systern testing that is not well covered in current testing meth- 

ods (approaches) is the one of scenario concurrency and interactions. Yec scenario con- 

currency and interaction are two important causes of enoa  in real-the systems. 

Moreover, enors resulting fiom the concurrent execution of sets of scenario are ofien 

very difficult to identiQ. 

In this conte% one of our long-term objective is to define a testing process that aims at 

generating test cornponents fiom sets of scenarios in the overall context of interaction 

and concurrency. 

Implement the traceabiîity relations in a tool to increase the level of system traceability 
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Cunently the ObjecTie Developer only provides for requirement traceability. Vie can- 

not, for exampie, establish traceabiiity relationships between a message arrow in an 

MSC model and a scenario responsibility, or between a ROOMChart transition and a 

message arrow in an MSC model. 

The inter-mode1 traceability relations defined in this thesis could be implemented in a 

tool. like the ObjecTime Developer toolset or the new Rational Rose for Real-Tirne, to 

enable inter-mode1 traceability 

More implementations of the RT-TROOP modeling process 

Implementation of the RT-TROOP modeling process in the context of agent systems 

The agent system group at Mitel Corporation showed a strong interest in applying the 

RT-TROOP modeling process for agent system development. This would require 

adapting the RT-TROOP modeling process to the specific context of agent systems. 
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