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Abstract
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Software development in application domains where modeased techniques are em-
ployed faces challenges related to managing sets of intepe&ndent models of various
types. In such settings, capturing the semantic structure fosets of models, as well as
being able to check the validity of relationships between naels that constitute this struc-
ture, can be of signi cant importance. Additionally, as inonsistencies can arise between
models that are not obviously related, the ability to infer mplicit relationships between
models can help to further enforce the semantic cohesivesas sets of related models.

To this end, we propose an approach to model management cesté around the
declaration and de nition of relation types. We describe hw hierarchies of such relation
types can be created to express their purpose, applicatiocemarios and well-formedness
rules. Such hierarchies consist of abstract relation typ&ga which the purpose for relating
models can be expressed. Concrete relation types for specapplication scenarios can
then be created by extending the abstract ones. Such conaetelationships are tied to
particular metamodels, constrained by well-formednessias, which can be used to verify
the proper application of relation types.

We showcase our approach by applying it to the domain of autastive software engi-
neering, a domain where model-based techniques are becamincreasingly prominent,
to demonstrate how typed relationships can be employed in rtimodel environments

to check for consistency between models and to compose riglaships to infer new ones.
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Chapter 1

Introduction

1.1 Problem area

The ever increasing complexity of the technical and the relant socio-technical systems
that are involved in the lifecycle of software artifacts poss a variety of di cult problems.
These problems stem from the appearance of accidental compty in a range of settings
in the overall creation process and lifecycle of software. ddel Driven Engineering (MDE)
has been proposed as an approach to tackle those, based onubkage of models to help
raise the level of abstraction, highlight various perspeiees of systems and reduce e ort

by supporting transformation, model analysis and code geragion [27].

In development settings where model based techniques arealved, development
is bound to include large numbers of models. Such models camgmate from diverse
sources and can be dependent in a variety of ways. The need timprehend, represent,
analyze and manipulate such sets of interdependent modekssigiven rise to the discipline
of model management. Various model management techniquesvé been developed in
an attempt to tackle the complexities of handling sets of irdependent models, such as
[17], [16], [15] and [40).

As any approach to model management is concerned with the @mtdlependencies be-
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tween models, the issue of handling relationships among nedsl that express such de-
pendencies is fundamental. Related models can be heterogmums, as it is possible that
they are de ned using diverse tools and notations. Moreovethere are various kinds of
dependencies that can exist between models, which re ectehvarious ways models can
constrain one another 40]. The creation of mappings between models often relies on
human intervention or heuristics [L5]. Similar issues are of concern in the area of schema
integration, where e orts are made to raise the level of absiction and create tools to

facilitate human designers in creating and managing mapms [L3].

1.2 Summary of problem statement and approach

In this research context, i.e., of facilitating the manageent of relationships between
models, we aim to create a conceptual infrastructure by wtichuman designers engaged
in managing models can be able to do so with a better understing of their semantics,
as proposed in13. We therefore focus on the issue of managing the various waghat
models can be related.

Therefore, in this thesis we propose an approach to managingpdels in multi-model
environments that is centered around the declaration and dadtion of hierarchies of
relation types that can convey the purpose for establishindependencies between models
in various application scenarios. We argue that employingush an approach can enable
developers to semantically structure sets of heterogeneomodels, as well as check them
to ensure that such a semantic structure is valid.

Moreover, by using relation types to organize the various gendencies between mod-
els, we can create support for various MDE tasks in multi-mad environments, such as
composing relationships to infer new ones, thus exposingplitit knowledge and possibly
non-evident inconsistencies between models that are nonvalusly related.

We demonstrate this approach by applying it to the domain of @tomotive software
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engineering, an area where model-based techniques are b@ng increasingly prominent.
This is evident by industry-wide collaborations to create mdel-based standards, such
as AUTOSAR [3], to address issues of the domain, as well as by the variousagtical
model-based approaches to automotive software developrhémat have been presented,
such as [(], [9] and others. The various challenges facing the domain of aumotive
software engineering have lead to calls from software resd®ers in the eld to tackle
the particular challenges in the automotive software domaj including issues related to
integrated, seamless model-driven approachesd], [36].

The domain of automotive software engineering is therefoeegood example of a do-
main where our approach to model management can be employeiwviangible bene ts.
By demonstrating its application in such a domain we hope tdwwcase how our approach
attempts to tackle issues pertaining to the wider model mamgement research area and

therefore to the application of model based techniques infsgare engineering in general.

1.3 Organization of the thesis

In Chapter 2, we give an overview of some basic principles of the domainaaftomotive
software engineering, along with its basic model types andtablish a running example,
which we use throughout the thesis to demonstrate our relatn-centric approach.

In Chapter 3, we present the theoretical background for our approach, wih is then
presented in Chapterd. We outline the basic mechanics of our approach, describihgw
hierarchies of relation types can be de ned, from abstracetations to concrete ones, tied
to particular application scenarios.

In Chapter 5, we present two applications of our approach to practical pblems from
the area of model management, in particular, consistencyetking and relationship infer-
ence. Chapter6 contains a description of how the Model Management Tool Fragavork

(MMTF) can provide tool support for our approach.
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Chapter 7 presents a brief overview of related work, and the thesis adodes in

Chapter 8 with an assessment of our approach and future steps.



Chapter 2

Motivating example: the

Automotive Domain

The emergence of automotive software has been an evolutiopdottom-up process [4].
This, along with the inherent constraints of the domain haveontributed to a number of
domain-speci c characteristics. In the following we presg a brief overview of some basic
principles and kinds of models of the automotive software gimeering domain, along with
establishing a motivating example which we use in the follomg chapters to demonstrate
the concepts relevant to our approach. Our view of the autontive domain has been

shaped by literature such asi[(], [37], [36] and [LE] and discussions with domain experts.

2.1 Principles

2.1.1 Physical architecture

Historically, automotive software systems have compriseaf software embedded in dedi-
cated controllers Electronic Control Units, ECUs). ECUs can be dedicated to particular
functions, however applications can also be distributed awmng several communicating

ECUs.



Chapter 2. Motivating example: the Automotive Domain 6

This points to a degree of coupling between application safare and physical ECU
networking architecture. The various software componenthat are being built are ulti-
mately assigned to particular (possibly sets of) ECUs, anda gured accordingly. More-
over, issues pertaining to networked, parallel software egonents, such as communica-

tion, synchronization and data integrity, need to also be attessed.

2.1.2 Reactive systems

While nowadays software in vehicles can be found even in sedary application domains
such as entertainment, the majority of automotive softwareomponents are reactive sys-
tems. That is, the functionality of the embedded software curollers can be summarized
in an in nite loop consisting of a step reading input from sesors and a step of triggering
actuators according to the input E].

This points to a set of issues related to scheduling contrells, as well as calibrat-
ing data access mechanisms, such as polling or data pullipgshing. Issues related to
networking and parallelism are also relevant. Moreover, éhsensor/controller/actuator
schema is pervasive in the domain and often de nes the archdtural alignment of soft-

ware components.

2.1.3 Signal-based communication

The reactive nature of the controllers and the coupling withphysical architecture also
impact the ways with which physical as well as logical compents can communicate. This
is further exacerbated by the sensor/controller/actuatorschema of automotive software
systems.

Stemming from long-standing control engineering traditios by practitioners in the
eld, automotive software systems tend to be designed in a cgonentized fashion, where
information is passed around by means of software signalsat@ calibration is of signi -

cance with this regard, as well as the data access mechanismsntioned earlier.
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2.1.4 Variability and reusability

The area of automotive software engineering faces much ofettsame issues that the
general automotive engineering domain has to deal with, duas rapid development
cycles, changing requirements and needs for suppressioncas$ts. Therefore, issues of
building software in such a manner as to be able to support fational variability, as well
as being able to achieve a high degree of reusability are ajrsicant importance.

This often results in designing software components in a weminimalistic manner
with regard to their functionality and interfaces. This endles building bundles of existing

subcomponents to create components implementing a desire@dture set.

2.1.5 Code generation

Model-based techniques are widely employed by the automeiindustry [18] [1], as they
allow high level design and code generation, while suppartj more formal approaches to
evaluating and ensuring software quality. Therefore, donm&speci ¢ modeling languages
are employed in order to create highly stylized models thatra suitable for code genera-
tion. The use of custom code generators further allows forxeility in the process, while

achieving a degree of correctness and robustness.

2.2 Motivating example

We now present a motivating example which we use in the follimg in order to demon-
strate the various kinds of modeling artifacts that occur irthe domain.

We assume the scenario (henceforth referred to as Wipersi§jowhere an automotive
company outsources the creation of a windshield wiper sulssgm for a vehicle to a
supplier, who is tasked with producing the hardware and saftare for the controller of
the system. The automotive company needs to produce a spesation of the wipers

subsystem and describe how it ts with the larger architectte of the vehicle. The
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Windshield Wiper
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Wiper code generation |:| I:II:I
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Figure 2.1: lllustration of the motivating example (WipersStory).

supplier must then re ne the speci cation to a design, makig critical implementation

decisions.

The speci cation produced by the automotive company desdres the behavior of
the system, as well as how it ts into the larger architectureof the vehicle. To keep
things simple in the context of this thesis, we assume that thbehavior is described in
English, while the architecture is given by a UML Component iagram such as the one

in Figure 2.2

In the diagram, the automotive company de nes that the windbkield wiper subsystem
software controller, seen as a black box, should provide a & interfaces by which its
functionality can be invoked by other software subsystemsf ¢the vehicle. In particular,
the controller should expose interfaces for activating andeactivating the windshield
wipers, for setting their speed level (normal, fast and intenediate) and for activating

the temporary windshield cleaning mode.

WiperStory takes place in a development environment whereadel-based techniques

are employed. So, the supplier creates a set of models detgilthe various views (archi-
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£ «package»
oem-wipers
«componentx IActivateWipers
=] Windshield Wipers IDeactivateWipers
ISetWiperSpeed

IActivateCleaning

Figure 2.2: UML Component Diagram created by the automotiveompany.

tectural, behavioral and others) of the system. These modeare then used by specialized

code-generators to create the actual software system.

Figure 2.1 shows a top level view of WipersStory (the various modelingrt#acts

produced by the supplier is explained in the following.)

2.3 Modeling artifacts

The principles described in Sectior2.1 shape the development process and the produced
artifacts for automotive software systems. The overall peess can be viewed as re ne-
ment in the MDE sense. In this vein, software modeling techgues can be employed to
capture the produced artifacts as models of various kindsych as class diagrams, state

machines and others. In the following we present some basiads of such models.

In the following, we occasionally employ terminology bormed from Object Oriented
Programming (OOP) for naming some of the domain-specic aifacts. While these
artifacts play similar roles as their generic OOP counterpts, they are highly stylized
and often have additional characteristics and limitationsstemming from their domain

Speci city.

The metamodel for these models can be found in the Appendix.
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<» WiperControllerSimulation

< MainWiperController

< MainWiperActuator

IWiperActivation IWiperActivation

IActivateWipers
IWiperSpeed IWiperSpeed

IDeactivateWipers
ISetWiperSpeed
IActivateCleaning

ISprinklerActivation

§ <4 WaterSprinkler
ISprinklerActivation

Figure 2.3: Algorithm Block Diagram for WipersStory.

2.3.1 Logical architecture

Any particular automotive software application is organied as a collection of algorithmic
artifacts, termed Algorithm Blocks, the domain-speci ¢ counterpart of Classes. Each of
them represents one basic functional aspect of the systemdaroughly corresponds to a
particular element in the sensor/controller/actuator sclkema described in Sectior2.1.2
Algorithm Blocks also represent the basic schedulable elents of the system and contain
information for calibrating various relevant data storagatems.

We refer to a model that depicts the logical architecture ofraautomotive system as
an Algorithm Block Diagram. The Algorithm Block Diagram for WipersStory can be seen
in Figure 2.3. In the diagram, the Supplier decomposes the overall softreasubsystem
into three logical parts, represented by three Algorithm Bicks, and de nes the interfaces
by which these communicate amongst themselves and with thevider environment.

In particular, the MainWiperController block represents the logical part of the archi-
tecture that contains the business logic for controlling tla various actuators of the wipers
subsystem. TheMainWiperActuator and WaterSprinkler blocks represent the logical
part of the architecture that manages the actuators that amhate the physical parts of
the wipers subsystem. Communication between the actuatoasd the controller is done

via three internal interfaces which are required by the contller block and provided by



Chapter 2. Motivating example: the Automotive Domain 11

< SActivateWipers 4 SWiperActivation

< WiperControllerWiperActivationPort ]

s . - ) ‘ <4 |WiperActivation ‘
[ < WiperControllerActivateWipersPort 4 lActivateWipers 4 MainWiperActuatorWiperActivationPort ]
< SDeactivateWipers 4 SWiperSpeed & WiperControllerWiperSpeedPort
Wi peed
[ <> WiperControllerDeactivateWipersPort 4 IDeactivateWipers # IWipers ‘ < MainWiperActuatorWiperSpeedPort

4 SSetWiperSpeed 4 SSprinklerActivation < WiperControllerSprinklerActivationPort

{ 4 WiperControllerSetWiperSpeedPort ‘){ 4 I1SetWiperSpeed ] ‘ 4 ISprinklerActivation < WaterSprinklerSprinklerActivationPort

< SActivateCleaning

4 LeverinputActivateCleaningPort 4 lActivateCleaning |.{
— 1S ‘ Interface [5'

Figure 2.4: Signals Diagram for WipersStory.

the actuator blocks. The main controller also provides thenterfaces which are required
by the automotive company to be exposed to other software ssystems of the vehicle.

The metamodel for Algorithm Block Diagrams can be found in te Appendix (Fig-
ure A.1).

2.3.2 Communication architecture

Algorithm Blocks exchange information via Signals, access via domain-speci ¢ Inter-
faces. An Interface contains methods for sending and redeiy one particular Signal, as
described in Sectior2.1.3 Therefore, for a Class to be able to send or receive a numbér o
Signals, it needs to implement or require an equal number afterfaces. (This limitation
arises from the need for reusability discussed in Secti@nl.4)

We refer to a model that depicts the communication architecire of an automotive
system as aSignals Diagram The Signals Diagram for WipersStory can be seen in
Figure 2.4. In the diagram, the Supplier creates declarations for alhe Signhals present in
the subsystem. These include both the signals that are need®er internal communication

among the various Algorithm Blocks de ned in Figure2.3 and the signals that will be



Chapter 2. Motivating example: the Automotive Domain 12

passed to other software subsystems in the vehicle via thaarfaces that the automotive
company has speci ed to be exposed by the component. Each bEtsignals contains a
corresponding Interface declaration. These interface darations are referenced by the
various ports which are declared by relevant Algorithm Bldcs.

The metamodel for Signals Diagrams can be found in the ApperdFigure A.2).

2.3.3 Behavioral de nition

As was described above, every Class represents a particdlanctional aspect of the sys-
tem. Therefore, every Class is associated with a particuldomain-speci ¢ Statemachine
which captures its behavior. As such Statemachines can ultately be employed for code
generation, various constraints are in place in order to siptify them for code generation
per Section2.1.5and improve their maintainability.

For instance, in order to ensure that the state transitions i@ deterministic, Statema-
chines are constrained in that only one outgoing transitioexists from every state. This
in turn implies heavy usage of nested states, with priorite of the transitions of the
various super/sub-states being used to ensure determinism

The Statemachine for theMainWiperController Algorithm Block in WipersStory
can be seen in Figure.5. In order to satisfy the requirement that for each state thes
is only one outgoing transition, additional states have beeintroduced. These follow a
pattern of distinguishing between on/o modes. This is eviént in the diagram in the
case of the general On/O pair of states for the entire wiperystem, as well as for more
detailed behavior such as turning the cleaning system on awdand alternating between
the intermediate speed mode being on as opposed to the othentspeed modes.

Whenever the states are entered or exited, the statemachipeoduces relevant sig-
nals which were de ned for internal communication within the component (see previous
section). For example, whenever any of the two states nametleaning is entered,

the SSprinklerActivation signal is broadcasted to theWaterSprinkler algorithm
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off
timeout
CleaningOff Cleaning
lActivateCleaning

lActivateWipers IDeactivateWipers

On

.—) CleaningOff

. IntermediateOff

Cleaning ’

. Normal ISetWiperSpeed=fast Fast

ISetWiperSpeed=normal

|
ISetWiperSpeed=normal
SetWiperSpeed=intermediate

lActivateCleaning

IntermediateOn

ISetWi =f; I
IntermediateWipe SefWiperipeed-fal ’

timeout

Figure 2.5: Statemachine for thévlainWiperController Algorithm Block in WipersStory.

block, to trigger sprinkling of the windshield with water. Smilar signals are sent to
the MainWiperActuator algorithm block to trigger wiping at the appropriate speedand
a similar set of signals is broadcasted when exiting tHéleaning states.

The metamodel for these domain speci ¢ Statemachines can foeind in the Appendix

(Figure A.3).

2.3.4 System architecture

The various diagrams can be bundled together in Componentatjrams, which are used
to capture the allocation of the various algorithmic entites to the sets of ECUs on the
physical networked system. In the same sense, Componentgli@ms can be employed
to represent the interconnections among various applicam components, eg. between
a particular component and a larger subsystem architectureFor the purposes of this

thesis, we do not go into detail about these models, and we repent them as UML
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~

(Automotive Company Supplier
Signals

Component Algorithm Diagram
Diagram I_3Iock
.......... Diagram

Statemachine
Statemachine
Statemachine

Figure 2.6: Some possible dependencies in WipersStory.

Component Diagrams, conforming to the basic Component Diegn metamodel taken

from the UML speci cation[35], as shown in FigureA.4 of the Appendix.

2.4 Towards an approach for model management of

Automotive software

It is evident that the various modeling artifacts created atvarious stages in WipersStory

are related in a variety of ways.

1. On a basic level, the various models are related as partsafvhole. This means

that various dependencies exist between them. For example:
The interface declarations at the Signals Diagram must be gsistent with the
interfaces employed in the Algorithm Block Diagram.

A state machine must be declared for each algorithm block irhé Algorithm

Block Diagram.

The triggers in the transitions of state machines must corepond to the de-

clared interfaces of their respective algorithm block.
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2. In a larger context, which can potentially take into accont the software lifecycle,
requirements modeling etc, it becomes evident that some wajy managing these
sets of models is imperative. The ability to make explicit th various ways that the
models are related o ers a means to accomplish meaningful negement and anal-
ysis. A rst step towards such capabilities is ensuring thathe various dependencies

between the models are properly captured.

3. If relationships between modeling artifacts are explity captured, further relation-
ships can be inferred. For example, if the consistency reilanship between the
Component Diagram speci cation and the Algorithm Block Diaggram is explicit, a
relationship can be inferred to trace the invocations of higlevel interfaces to low
level statemachine triggers and state transitions. Such aace relationship could

be used for troubleshooting and diagnostics.

These examples point us to the direction of further studyindpjow we can e ectively
employ model management techniques in the automotive domai From the above dis-
cussion, we infer that in order to be able to facilitate modehanagement in the domain,

an approach is needed that should have the following characistics:

1. It should enable developers to reason about how a set of netidg artifacts is

semantically structured.

2. It should provide the infrastructure for validating this structure to expose potential

inconsistencies.

3. It should facilitate the inference of implicit knowledgeabout the ways that models

are dependent in non-evident ways.

In the following chapters we present an approach to model magement based on

declaring and de ning relation types.



Chapter 3

Background

3.1 Models and model types

Models are traditionally employed in Software Engineerintp abstractly describe existing
or hypothetical software-related artifacts for a variety 6 purposes £1]. In the context of
Model Driven Engineering (MDE), models are rst class itemsnd are used to such ends

as design, documentation, code generation and others.

While models are usually employed to describe actual systenthey can also be used
to describe other models. This notion is callednetamodeling A metamodel that is
constructed with respect to concepts related to a particutaapplication domain, along
with a (usually graphical) notation, can be used to describa domain speci ¢ modeling
language (DSML) In Chapter 2, a high level description of an automotive DSML is

presented.

Following the de nition in [ 11], we consider a model to be \a set of objects, each of
which has properties, has-a relationships and associatgdn Every model must conform
to a respective metamodel.

A widely adopted approach to metamodeling is the Meta Objedtacility (MOF) [ 37).

As is described in 1 7], in the context of MOF, a modelm is a collection containing typed

16
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data elementse. Each elementeis of a typeT, denoted ase: T. We say that a modelm

conforms to a metamodelM for which we adopt the following de nition, based on40:

De nition 1. A metamodel is the tupléh ; i, where is the set of metamodel element
types and is the set of metamodel well-formedness constraints. Thesmstraints are
either structural, i.e. imposed by the various forms of assation between the element
types, or constraints attached to the metamodel as a whole.eWeéfer to the former as
\structural constraints”, symbolized as ¢ and to the latter as \metamodel constraints"”,

symbolized asC. Obviously, = <[ C.

While the notions of a metamodel and amodel type can be con ated [11], in the
context of this thesis we consider a model type to bassociatedwith a metamodel as
follows.

The MOF diagram* M of a given metamodel consists of its set of element types
and its set of structural constraints . Its metamodel constraintsC are expressed in a
language such as OCL3[3] and are attached to the metamodel diagranM . In view of

the above, we adopt the following de nition of model types:

De nition 2.  We consider a model typd, to be a tuplehM;Ci, whereM is a meta-

model diagram andC a (possibly empty) set of constraints associated with it.

We say that a modelm is of type Ty, and write m : Ty, if the model conforms to the
type's associated metamodel and constraints.

We adopt the following subtyping approach:

De nition 3. Given a model typeTy, h M;Ci whereM is a metamodel andC a
(possibly empty) set of constraints, we consider the tygg, h M%CH to be its subtype
if M°= M andC C°

In other words, the subtype of a model type has the same metaoa diagram as

the supertype and its associated set of constraints is a supet of the supertype's set

1The notation for MOF diagrams is a simpli ed version of UML cl ass diagrams.
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of constraints, augmented with constraints particular to he subtype. In this vein, we
consider the model typeTyy, h M; ?i to be the supertype of all the model types that
are de ned by constraining the metamodeM . This notion of subtyping allows subtype
substitutability, in the sense that it allows using a model 6some type in a place where

a model of one of its supertypes is expected.

3.2 Macromodeling

Macromodeling is an approach to model management which aingsrepresent the various
ways by which models are related, therefore allowing devpkrs to perform various model
management tasks, such as model matching, mapping compasit model di erencing,
model generation, model merging and others]]. In the following we brie y present the
key points.

As presented in depth in 40, macromodeling is a rich approach, however we limit
the discussion to aspects that are of particular use to our legion-centric approach as
presented in Chapter4. In this vein, we do not go into the details of the formalism ad
we do not discuss additional features described iri(], such as support for unrealized

models, macrorelations and others.

3.2.1 Model mappings

Fundamental to macromodeling is the idea of relating model#\s described in {1], \two
models are related when the possible interpretations of ongodel constrain the possible
interpretations of the other model". In the following we usehe term \mapping" to refer
to the abstract concept of relating two models, while latern the paper we will use the
term \relation" to refer to a mapping conceived with a partiaular intention or purpose
in mind.

Below we present a formal foundation of what it means for two adels to be related.
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Signals-to-StateMachine

start triggers interface

State 41—\ /7 Signal 1—¥
1
1\_ Transition Port / Interface

end Signal

Psm / N’sn

start interface

State ‘1—\ Signal 1—»
1\_ Transition 1/::ignal Interface

end Port

State Machine Signals Diagram

Figure 3.1: Example of using the metamodel morphisnps),, and psp to create a relator

metamodel.

The formalism can be extended for more than two models. We natduce the concept of

metamodel morphismsbased on institution theory P 3], as described in4(]:

De nition 4.  For two metamodelsA and B, a metamodel morphism:f : h A; ail!
h g; gi is a homomorphism of the signatureg : A ! g such that g f( a).
The function f is one that translates sentences over, to ones over g according to the

mappingf : Al B.

For each couple of model types that need to be mapped,n@apping typeassociated
with a relator metamodelis de ned. Every mapping is itself a model and for a given
pair of model types, their mapping model must conform to thealevant relator meta-
model. Metamodel morphisms from them to the relator metamaad are used to ensure the
well-formedness of their projections in the mapping metandel. Figure 3.1 presents an
example of using metamodel morphisms to create a relator naghodel from two (simpler
versions of) model types de ned in Chaptef.

In particular, the Signals-to-StateMachine relator metamodel contains projections

of the (simplied) StateMachine and SignalsDiagram metamodels. The metamodel
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morphisms psy and psp ensure that the correct projection of the two metamodels in
the relator metamodel. Apart from metamodel projections fsm the endpoint model
types, the relator metamodel can be injected with additioreelements. In this case, the
relator metamodel additionally contains the associatiotriggers between theSignal
element of the signals diagram metamodel projection to the€ransition element of the
state machine metamodel projection, to signify that a tranion in state machines can
be triggered by signals de ned in a signals diagram model.

Metamodel morphisms ensure that relator metamodels repess correctly the mapped
model types. Relator metamodels can provide additional semtic constraints relevant
to the particular intent which the mapping type attempts to address. For a mapping
between metamodelsA h ,; ai andB h g; gi, and metamodel morphismga

and pg, the relator metamodel is de ned as:

hal 8 Pa( A)[ P( B)[ Rl

In other words, the relator metamodel's set of elements caihs all the element types
of the endpoint metamodelsA and B. The relator metamodel's set of well-formedness
constraints consists of the constraints of the endpoint maimodels as translated by the
metamodel morphismsp, and pg. The set of well-formedness constraints of the rela-
tor metamodel can be augmented by the set a€lator constraints gc which express
semantics particular to the of the relator metamodel itself

In view of the above, we can describe the relator metamodelasin in Figure 3.1 as
follows.

We represent theStateMachine metamodel ash sy ; swi and the SignalsDiagram
metamodel ah sp; spi. The factors represent the set of elements in each metamoble
For the state machine metamodel this set consists of the elents State and Transition
and for the signals diagram metamodel this set consists ofalelementsSignal , Port and
Interface . The factors represent the well-formedness rules of the tav metamodels.

For state machines, these rules are that a transition has aast and end state and for



Chapter 3. Background 21

signals diagram that a signal contains an interface and is ssciated with a port. Any
additional metamodel constraints for these, such as OCL csimaints would be added to
these sets.

The Signals-to-StateMachine  relator metamodel would then be represented as:

h sm[ soi Psm( sm)[ Pso( sp)[  rei.

The above indicates that the relator metamodel contains aklements contained in the
endpoint metamodels and all their well-formedness constnés, as translated by the
metamodel morphismspsy and psp. The set of relator constraints gc contains well-
formedness rules that are particular to this metamodel, inw example, thetriggers
syntactic element.

In general, additional constraints can be injected to a retar metamodel by appending
them to its set of relator constraints rc. For example, we could require that all tran-
sitions should be triggered by some signal. Such a new rulendae incorporated to the
relator metamodel as an OCL constraint added to the its set atlator constraints gc.

We employ this method to de ne the semantics of concrete relan types in Section4.3.1

3.2.2 Macromodels

A macromodelis a kind of model that provides a way to capture how various nuels are

related at a high level of abstraction. As de ned in4(]:

De nition 5. \A macromodel (is a model that) consists of elements denotinmodels
and links denoting intended relationships between thesedals with their internal details

abstracted away."

Being a model itself, a macromodel must conform to a metamddand therefore the
notion of macromodel type can be de ned. A macromodel type isharacterized with

respect to the model and mapping types it allows instances ufto contain.
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(R1) A Macromodel cannot contain itself

Macromodel }
v m:Macromodel. ~TG(contains(m, m))

name
type
oy

*

(R2) There is a unique root Macromodel
¥m, m1:Macromodel.

(=dm2:Macromodel. contains(m2, m)) A

Model
realized = {true, false}

type
name

(=dm3:Macromodel .contains(m3, m1)) = m=m1
\ | IMacroRole

"‘-‘\* (R3) If any of its arguments are unrealized then a
MacroRelation Relation is unrealized.

o Yr:Relation3ri:Role. ri.Relation = r A

1"*“ r
{ordered}",“ §

’ Role ‘ ‘ Relation ‘ riModel.realized = false = r.realized = false.

Figure 3.2: Abstract syntax and well-formedness constrasof macromodels40].

With regard to syntax, the constituent models of a macromodeare represented by
typed model elements, while relations between them are regzented by typed association
links. The metamodel and well-formedness constraints foraoromodels are presented in
Figure 3.2

As can be seen in the metamodel, macromodels can contain misgdas well as other
macromodels. This feature enables the creation of a hierhical structure of macro-
models to represent various levels of abstraction of a moddl system. Additionally,
macromodels can also contain relationships, which are theglves models, conforming to
relator metamodels that are particular to the endpoint modktypes that they connect, as
discussed in Sectio3.2.1 In addition, relationships are labeled with a particular ole. In
Chapter 4 we present an approach to model management that is based onexpansion
of this feature, to create full edgedrelation types

The focus of this work being on relation types, we frequentlgiscuss declaring models
and then establishing relationships between them. This idways thought in the context
of macromodelling. In this respect, whenever we refer to twor more models being
related, we assume that there exists a macromodel contaigithese models as elements.
Similarly, creation of relationships between these modeis also considered in the same

setting.
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Relation-centric Approach

As was discussed in Sectiof.4, there exists a need for managing sets of models in the
automotive and other domains. We propose an approach for meldnanagement, which
focuses on explicating dependencies between models agimiahips that conform to an
explicit relation type, in the context of a macromodeling famework. Relator models
conforming to appropriate relation types can be created anemployed to capture infor-
mation about the meaning and the intent of the relationship btween models. Moreover,
these relator models demonstrate how the related models atependent upon each other,
by using the syntactic structure of model mappings, along Wi the semantics provided

by their respective relation type.

In other words, by focusing on the relationships between mel$, we can capturavhy
and how they are related. Additionally, relation types enable chdang and enforcing that

artifacts are properly related.

Making this meta-information readily available in a macromodeling context enables us
to devise relation-centric techniques for accomplishingadel management tasks. On the
one hand, integrating the intentional aspect of relating maels into model management
we can achieve better clarity and expressiveness, facitite)g comprehension and analysis.

On the other hand, by making explicit the ways that artifactsare related, and associating

23



Chapter 4. Approach 24

this to a speci c relation type metamodel, we facilitate thevalidation of consistency and
the ensuring of robustness for model-based development pesses.

In this chapter, we present the key points and the basic mechigs of the approach.
In Chapter 5, we look more closely at how our approach can be employed taifsiate

model management with a focus on the automotive domain.

4.1 Relations between models

In Section3.2.1we presented how mappings between models are de ned in a n@ood-
eling setting. We use the term \mapping" to refer to the genec concept of relating two
models, while in this context we use the term \relation" to réer to a mapping conceived
with respect to a particular intent.

As is the case for mapping models, relationship models muss@aconform to a relation
type. The de nition of a relation type corresponds to the ackowledgment of the role
that it is supposed to play in the development process. Morgsci cally, a relation type

is characterized by:
1. a purpose, i.e. what the relation is about
2. its meaningful applications, i.e. to what kinds of modelg can be applied
3. a set of rules for determining the well-formedness of rétanship models

With these in mind we introduce a metamodel for de ning relabn types. The meta-
model consists of the diagram shown in Figuré.1, along with the additional OCL con-
straints shown in Figure4.2. Relation types which have the aforementioned characteris
tics can be de ned as instances of this metamodel.

As indicated by the metamodel and its rst associated cons&int, we di erentiate
between abstract and concrete (non-abstract) relation tygs. Abstract relation types

are explicitly not associated with any endpoint model typesnd relator metamodels,
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specializes
0..*
H RelationType ¢1 i end —| H RelationTypeEnd 1 H ModelType
= isAbstract : EBoolean relationType 0. modelType

relationTypeEnd

relatorMetamodel morphism
0..1 1
£ RelatorMetamodel £ Morphism
0..* |, relationTypeConstraint source| , target |
£ RelationTypeConstraint L— > H Metamodel 1
metamodel

Figure 4.1: Metamodel for de ning relation types.

context RelationType inv :
(self.isAbstract = true implies
(self.end >isEmpty() and self.relatorMetamodel >isEmpty()))
and
(self.isAbstract = false implies
(self.end >notEmpty() and self.relatorMetamodel >notEmpty()))
context Morphism inv :
self.source = self.relationTypeEnd.modelType.metamotle
and

self.target = self.relationTypeEnd.relationType.relabrMetamodel

Figure 4.2: Correctness constraints for de ning relationyipes.
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while concrete ones are required to be associated with at$e¢@ne endpoint model type
and some relator metamodel. This is enforced by the rst OCLnvariant. Abstract
types serve as the declaration of an intention for relating adels; concrete subtypes for
speci ¢ application scenarios can be de ned by specialiggrthem to create a relation type
hierarchy.

Concrete relation types are associated with one or more erapt model types. The
various application scenarios for an abstract relation typ are thus made concrete by
creating concrete subtypes of it which are tied to specic e@point model types. A
concrete relation type is associated with a relator metamet| where the endpoint model
types are represented via metamodel morphisms, as descdbe Section 3.2.1 The
second OCL invariant ensures that Morphism elements are assated with the correct
source and target metamodels. The rules necessary to spetlife correctness criteria for
the concrete relation type are expressed &elationTypeConstraint s associated with
the type's relator metamodel.

The concepts discussed above are described in more detaitha following sections.

4.2 Abstract relation types

As we described earlier, we introduce the notion abstract relation typesto represent the
rst characteristic of relation types described in Sectiort.1, i.e., that relations represent a
purpose. For example, we can declare the abstract relatioppte Refinement (Figure 4.3),
to represent the situation where a model captures more coete design decisions than
some other model79).

We declare the abstract relation typeRefinement as a specialization of the most
generic relation type, which we namdrelation , that represents the abstract situation
where any number of models of any kind are somehow related.

Refinement itself is not tied to any particular arity, model type, metamodel or se-
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H Relation : RelationType

E Refinement : RelationType

Figure 4.3: De ning the abstract relation type Refinement.

mantic constraints. In essence, the abstract relation typele nes a family of relation
types, all of which correspond to the notion of a model captirg more concrete design
decisions than some other model. Each of the relation types that family inherits this
semantic de nition from it, adding the details needed for peicular scenarios, e.g. for
re nement relationships between state machines.

Abstract relation types therefore provide us with a generiavay to group together
relation types that have the same purpose. This way, we can éientiate between the
various ways that two models can be related. For example, twatate machines can be
related in various ways, such as re nement, evolution, namg consistency etc. Moreover,
model transformations can also be represented as a relaship between the input and
output models. Using abstract relation types for each of tise cases we can treat each of

them accordingly.

4.3 Concrete relation types

To represent a particular application scenario for some igion type, we need to specialize
the relevant abstract relation type for it. This way we realze the second characteristic
of relation types discussed in SectioA.], i.e. that there are particular model types with
which a relation type can be used.

In our example, we create the concrete relation typRefinementSM-SMo capture

the situation where a state machine re nes another state mhme. To do this we need
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[} Relation : RelationType

] Refinement : RelationType

£ End1 : RelationTypeEnd end El RefinementSM-SM : RelationType | €Nd [ ] End2 : RelationTypeEnd

relatorMetamodel
[z} SM2SM : RelatorMetamodel
target
target morphism
morphism
| Morphism1 : Morphism ] Morphism2 : Morphism
[ StateMachineMetamodel : Metamodel
source
source
etamodel
s modelType
modelType [} StateMachine : ModelType

Figure 4.4: De ning the concrete relation typeRefinementSM-SM

to reference the relevant metamodels and create the appragde metamodel morphisms

(see Sectior3.2.1). The result can be seen in Figurd.4.

As can be seen in the diagram, the concrete relation tyfp&efinementSM-SMpecializes
the abstract Refinement relation type, described in the previous section. While thiatter
is not associated with any endpoint model types, the formes iexplicitly associated with
the StateMachine model type for both relation endpoints. In particular, we eglicitly
associate theRefinementSM-SNelation type with the SM2Skélator metamodel, shown in
Figure 4.5, and we declare morphisms betweedM2Slsind the StateMachine metamodel

(see Appendix, FigureA.3).

In our example, the model type of both relation type endpoirgt is the same, i.e., the
state machine model type. Relation types with di erent modetype endpoints can be

de ned in the same way (examples of that can be found in Chapté&).
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SM2SM : RelatorMetamodel]
H Link
subMachine parentState subMachine parentState
\
0. 0..1 linkStart 0..* linkEnd 0.1
El Machine |4 H State £ Machine |4 F State
start1  end| 1 HnitialState start| 1 end] 1 H InitialState
HTransition EFinalState HTransition HFinalState
Morphism1 orphism2
StateMachine : Metamodel |
subMachine parentState
0..% 0..1
H Machine < H State
start1  end] 1 HInitialState
HTransition EFinalState

Figure 4.5: The relator metamodelSM2SMhown with the morphisms relating it to the

State Machine metamodel.

It is evident that to create de nitions for other members of he Refinement rela-
tion type family, we only need to create concrete subtypes df by declaring all the
necessary elements. For example, to create the re nementaton type between UML
Component Diagrams and Algorithm Block Diagrams, one wouldieed to declare the
RefinementCD-ABxoncrete relation type, along with the appropriate morphinis from

the Component and Algorithm Block to the CD2ABEelator metamodel.

4.3.1 Constrained mappings

Concrete relation types are tied to a speci c relator metanael. In our example, the
SM2Sihetamodel, shown in Figure4.5, is the relator metamodel for generic mappings

between State Machines. It is generic in the sense that it gégs no particular semantics
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context Link inv :
self.linkStart.name = self.linkEnd.name and

self.linkStart.subMachine >isEmpty() and self.linkEnd.subMachine > notEmpty()

Figure 4.6: Constraint overSM2SKbr the RefinementSM-SMelation type.

other than describing there can exist links from the elemestof one snapshot of the

StateMachine metamodel to elements of anothér.

As was described in Sectiod.1, the third characteristic of relation types is that they
are associated with a set of well-formedness rules. One wayrealize this is by creating
constraints over the relator metamodel. The idea here is taalse the de nition of relation
types on extending the generic mapping model types describim Section3.2.1by means
of constraining their metamodels. The additional constrais that are added to generic
mapping types correspond to the semantics of the role that grparticular relation type

plays in the development process.

With regard to any set of model types that can be related in anway, we can construct
a generic mapping in the form of a relator metamodel. For eagtarticular relation type
that we want to implement, we can create speci ¢ constraintsver their generic mapping
type, by elaborating the set of relator constraints rc of the relator metamodel, de ned

in Section3.2.1

In the case of our example, we implement &ery simplistic notion of re nement of
state machines, where we consider a simple state in the samodel to be re ned by
a state in the target model if the latter is a complex state, €. the superstate of a
more speci ¢ state machine, and thus \captures more concretdesign decisions”. The
relation type is not a re nement transformation but rather a declarative means to de ne

correspondences between models that are part of the samenement process. The OCL

1We have kept the metamodel shown in Figure4.5 very simple in that we allow for links to only be
declared betweenState elements. This is done purely for simplicity and demonstraton purposes: in
reality, these generic relator metamodels can allow linksa be created between arbitrary elements.
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constraint for this semantics is presented in Figuré.6.

The OCL invariant is built around the Link element type of the relator metamodel.
For each link, the invariant requires that the name of the rened state is preserved.
Moreover, for each link the constraint speci es that its sorce element is a simple state
by demanding that its subMachine association (see the relator metamodel, Figur&.5)
is empty. Simultaneously, the constraint requires that thdink's target element is a
composite state by demanding that the same association istrempty.

A developer declaring a re nement relationship between twstate machines by creat-
ing a relation model as an instance of this type, is requireatcreate links from the states
in the source model that are re ned to complex states in the tget model. The type's
correctness rule enforces the semantics of our naive re nenh by imposing a constraint
on the these links that ensures that simple states get re netb complex ones. Perform-
ing validation of the relationship model with respect to itstype enables the developer to
determine whether the target model is indeed a proper re neemt of the source model.

We describe a similar validation scenario in more detail ine€8tion 5.1.3

4.4 Relation types revisited

The above discussion can also be viewed from a di erent peesive. The three charac-
teristics we listed in Section4.1 can be understood to de ne a plane. On the one axis
lie the various purposes for which we conceive that modelsncae related (1st charac-
teristic). On this axis we can put the various abstract relabn types. On an orthogonal
axis lie the various mappings that can exist between model ggs (2nd characteristic).
On this axis we can put the various generic mapping types. Athe points of the plane
where the two meet, we have concrete relation types, which stube de ned with respect

to some well-formedness rules over the respective mappirypé (3rd characteristic).

We can visualize such a grid of relation type hierarchies amdapping types, as shown
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Refinement

Consistency
Abstract Relation Types

SM2SM
ABD2ABD

ABDZSM .........................................

Concrete Relation Types

Mapping Types
(SM:State Machines, ABD: Algorithm Block Diagrams)

Figure 4.7: Relation types and mapping types (the orderingatries no meaning).

in Figure 4.7. Relation type hierarchies start from an abstract relationtype, not associ-
ated with any particular application scenario. Mapping tyges can be created for any set
of models that can be related in any arbitrary way. At the intesection of these two, we
can create concrete relation types, i.e. relation types whitrespect to particular models,
by adding relation type-speci ¢ constraints to the generianappings.

We can even envision hierarchies of mapping types, which camclude mappings
between abstract model types, in which case relation typesart be thought of as having

a polymorphic character.

4.5 Model management with relation types

The mechanism for declaring relation types that we descrideso far can be employed
in a macromodeling environment to achieve various model magement tasks. Making
the intended role of relations between particular types of odels explicit in such an
environment can enhance our ability for managing models in\ariety of ways.

From one point of view, macromodels built with the typed reldonships that we
described in this chapter convey rich semantics. This sentanweight, along with the
structuring potency of macromodeling can improve our abtif to capture and comprehend
how a set of models constitutes a system (or why it does not).

At the same time, by employing the relation types' semantigswhich have been de-
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Figure 4.8: Declaring a re nement relationship (instance fahe RefinementSM-SMela-

tion type) for the WipersStory state machine shown in Figure.5.

ned in terms of metamodel constraints, we can do consistepachecking of macromod-
els. Relationships can be veri ed as instances of their réian types, and the result of
this veri cation can be used to draw conclusions regarding lether the related models
are properly de ned, revealing potential inconsistencieand so on. Drawing from the
WipersStory scenario, we could for example use tiRefinementSM-SMelation type to

verify that two versions of the controller statemachine caostitute a valid re nement.

As shown in Figure4.8, an instance of the relation typeRefinementSM-SNk declared
for two state machines. Simple states of the source model bétrelationship, representing
the earlier version, are mapped to composite states of thertget model which represents
a subsequent version of the statemachine. This mapping ishéeved by appropriateLink

elements.
Verifying the relationship model in Figure4.8 entails checking it for conformance to
the SM2S¥elator metamodel and the relevant relation type correctrss constraints. In

the case of this instance of the relation type, the check foonformance to the relator
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metamodel succeeds as both constituent models are valid tstamachines, and allLink
elements are betweeiState elements, as speci ed by the relator metamodel. Addition-
ally, validation of the relation type OCL constraint (see Fgure 4.6) also succeeds as for
both Link elements the sourceéstate elements are simple states while the targedtate
elements are composite states.

In general, apart from checking consistency, relation tygecan be used to achieve
greater versatility of expression. As relationship modelare typed, we can create sig-
natures for operators that act upon them to create new relatnship models. In this
manner, new relationships can be inferred, which can repess non-evident relationships
between previously unrelated aspects of the overall systeihe types of the input and
output relationship models can be used to de ne the signatarof such operators, e ec-
tively opening the space for creating an algebra of operagrAdditionally, the declared
type of the output can be used to verify it, and the result can eveal possibly hidden
inconsistencies.

Furthermore, this conceptual framework can be employed asdevelopment guide for
the software system at hand. Relations between existing apthnned or imagined models
can be employed to capture the structure-to-be, while at theame time, as demonstrated
in [4(], certain models can be automatically inferred using modeiders such as Kodkod.

In the following chapter we attempt to demonstrate some of #se use cases.
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Analysis

Relationship types, when employed in a macromodelling cantt, can facilitate the carry-
ing out of various model management tasks. In the followingempresent two cases where
relationships can be used to guide such tasks.

In particular, in Section 5.1 we demonstrate how our relation-centric approach can be
employed in order to check the consistency of sets of modedkpwing this with examples
from the WipersStory example, described in Sectioh.2. Additionally, in Section 5.2, we
discuss composition operators and and demonstrate the coosgtion of typed relation
models, again with an example from WipersStory.

For simplicity, we limit ourselves to examples of relatiortsips between (at most)
two models, however, the same approach can be generalizechigher arities. Also for
compactness of presentation, some diagrams in this chaptae presented in a simpli ed

form, with obvious elements such as labels omitted.

5.1 Consistency checking

In a development process that involves a signi cant amountfomodels, as is the case
in the automotive domain, it is imperative to ensure that thevarious models are con-

sistent with each other. Inconsistencies can arise from anety of sources, as models

35
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[ Relation : RelationType

E Consistency : RelationType

[ ConsistencySM : RelationType E SM : RelatorMetamodel
H End1 : RelationTypeEnd| g, EH Morphism1 : Morphisn
[ StateMachine : ModelType H stateMachineMetamodel : Metamodel

Figure 5.1: Declaring the unary consistency relation typeof state machines.

are produced in a variety of stages in the development prosesn di erent versions and
to represent a system from di erent perspectives. By emplayg the relation-based ap-
proach we described in Chapte#, developers can explicitly describe why and how various
model types can be related. Consistency checking is themef@chieved by verifying that
the relation type semantic rules are satis ed for the relatnship between the models of
interest.

The rst step is to de ne an abstract relation type Consistency as a specialization
of the genericRelation type, as was done with theRefinement abstract relation type,
shown in Figure4.3. This abstract relation type is therefore conceived as deing the
family of relation types which represent the situation whex some models are declared as
being related with the intent of saying that they are suppos®to be consistent with each

other.

5.1.1 Unary consistency

In order to demonstrate the expressiveness of our approacke begin at a simple level
where we consider the unary consistency relation type. Themantics of this relation type

is that a model is consistent with its declared type. Verifyig a relationship conforming
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to this type is equivalent to checking a model's conformityd its metamodel.

For a given model type, e.g., for state machines, the relatanetamodel of the relation
type ConsistencySMcoincides with the metamodel of the model type. Figuré.1 shows
the declaration of ConsistencySM following the same rationale as that of Figuret.4,
only in this case there exists only on&elationTypeEnd element.

More specialized unary consistency relation types can beedlsto verify that a model
is in fact conformant to a subtype of a model type. As discusden Section 3.1, for
a given model type, subtypes are constructed by injecting ddional constraints to its
metamodel. In view of our relation-centric approach, unargonsistency relation types
can be used to verify whether models conform to desired supss, if they are de ned
with correctness type constraints corresponding to the stipes' constraints.

Considering the case of state machines, we assume the genstae machine type,
associated with the metamodel given in the Appendix Figuré\.3, without the OCL
invariant limiting the number of outgoing transitions, shavn in the same gure. The
automotive domain-speci ¢ statemachine type, which was gtussed in Sectio2.3.3 is
a subtype of this generic state machine type, with the additn of the OCL invariant.

In order to enable checking whether a particular state maahe conforms to the auto-
motive domain-speci ¢ subtype, we de ne the unary relationtype ConsistencyAutoSM
by injecting the OCL invariant of Appendix Figure A.3 into the relator metamodel of
the ConsistencySM relation type. Checking if an arbitrary state machine confns to
the automotive domain state machine type is accomplished lyreating an instance of

the ConsistencyAutoSMtype and validating it, as discussed in Sectios.1.3

5.1.2 Consistency between pairs of models

Moving to less simple cases, we look into consistency retatships between two (or more)
models. We note that variouskinds of consistency can exist between models. This

re ects the fact that, when checking the consistency of a seif models, we are usually
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£ SMmm : Macromodel

{

0..* stateMachine

£ StateMachineModel : StateMachine
= name : EString

Figure 5.2: Metamodel forSMmmacromodels.

doing so with a particular intent in mind. Re ecting the 1st characteristic of relation
types discussed in Sectiod.1, we are inclined to organize these more subtle intentional
approaches by further elaborating the Consistency relatiotype hierarchy with abstract

relation types, extending the rootConsistency abstract relation type.

For example, in WipersStory, we can examine the case where a interested in
making sure that Interfaces from the Signal Diagram (see Sem 2.3.2 are used consis-
tently across models. We therefore de ne the abstract reletn type IConsistency , i.e.,
\interface consistency”. A di erent kind of consistency ismaking sure that whenever an
artifact needs to be elaborated by another model, that modeixists. We therefore de ne

the abstract relation type DConsistency, i.e., \declaration consistency".

We proceed to create concrete relation types from these atzstt ones. In particular,
we de ne relation type IConsistencySD-ABD to capture interface consistency relations
between signals and algorithm block diagrams. The relatiotype is directional, in the
sense that its semantics indicate that all interfaces in theignals diagram are employed
in the algorithm block diagram. The opposite relation typdConsistencyABD-SD, which
indicates that all interfaces in an algorithm block diagranhave been declared in a signals
diagram, can be de ned by reversing the start and end assoti@n links of the relator

metamodelLink class and similarly reversing the semantic constraints.
We also de ne the type DConsistencyABD-SMmiim capture declaration consistency

relations between algorithm block diagrams and sets of satmachines. We can represent

sets of state machines by using macromodels (see SectioR.?, and in particular the
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| Relation : RelationType

[ Consistency : RelationType

[] ConsistencySM

|
[ DConsistency : RelationType [ IConsistency : RelationType

[} DConsistencyABD-SMmm

i IConsistencySD-ABD

[ StateMachine : ModelType

[ StateMachineMacromodel : ModelType
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[ SignalsDiagram : ModelType

[ AlgorithmBlockD

agram : ModelType

[l StateMachine : Metamodel

[l StateMachineMacromodel : Metamodel

N,

fiz See ﬁgu}e 5.2 BI

Figure 5.3: Declarations of the various consistency relati types.
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ABD2SMmm : RelatorMetamodel |

superblock

dependsOn 4 subblock
" H| AlgorithmPort
LS H AlgoContainer 1 _ block £ Block ! algorithmPort | & name : EString
F name : EString algoContainer 1.4  name : EString | block 0..
0..* | stateMachine ?
[ StateMachineModel : StateMachine I
= name : EString H AlgorithmBlock £ AlgoRequiredPort [ AlgoProvidedPort
4
linkEnd linkStart algorithmBlock 0.:* to 1 from 1
1 simulationFrame
portLink
g Link H SimulationFrame H PortLink
£ name : EString 0.  name : EString
context |: Link inv:

AlgorithmBlock.allinstances() > forAll(
a | StateMachineModel.allinstances() > exists(

sj a.name=s.name and |.start=a and l.end=b))

Figure 5.4: DConsistencyABD-SMmmelator metamodel and relation type constraints.

macromodel model typeSMmraeen in Figures.2, which is simply a model whose elements
represent individual state machines. The overall pictureof all relation type de nitions
can be seen in Figur®.3, where each relation type is shown at its respective place tine

relation type hierarchy, associated with its endpoint modedypes.

For each of the two relation types that we de ned, we also exiglate the necessary
well-formedness rules, as OCL constraints over their retat metamodels.

In particular, the relator metamodel for thelConsistencySD-ABDrelation type, seen
in Figure 5.5, consists of copies of the signals diagram and algorithm blodiagram meta-
models. As algorithm block diagrams only allow the declargin of ports, we indirectly
link interfaces by linking their respective ports. Thus therelator metamodel speci es
that links can be established betwee/lgorithmPort elements.

To explicate the semantics of the interface consistency agion type, we take advan-
tage of the fact that for a signal to be employed in the algotitm block diagram, at least

one port must be declared as associated with it in the signatkagram. Therefore, the
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accompanying OCL constraint requires that in relator modsl conforming to this relation
type, every interface in the signals diagram must be assot@d with at least one port,
to re ect the requirement that all declared interfaces are tilized in the algorithm block
diagram. Additionally, for every port de ned in the signalsdiagram the OCL invariant
requires that there exists a port of the same name in the algtrm block diagram that
is associated with it via aLink element.

Similarly, the relator metamodel for theDConsistencyABD-SMmseen in Figure5.4,
consists of copies of the metamodels for the algorithm blodkagram and state machine
macromodel model types. Links can be established betweegaithm block and statema-
chine elements of the two models. The OCL invariant requirethat for every algorithm
block element in the algorithm block diagram there exists atate machine of the same
name, associated to it via a.ink element. (Note that the invariant does not preclude

two algorithm blocks from being linked to the same state maate.)

5.1.3 Application

Having de ned the various relationships, we can now apply #m on our WipersStory
example. A relator model conforming to theDConsistencyABD-SMmmelation type can
be instantiated for the algorithm diagram and the set of sta¢ machines created by the
subcontractor for the wipers system. The diagram seen in kige 5.6 represents this
relator model. As can be seen in the diagram, the algorithm dtks of the WipersStory
algorithm block diagram are linked with state machine modetlements of the macromodel
containing the set of all state machines created by the submoactor company of our
example.

Similarly, a relator model conforming to thelConsistencySD-ABD relation type, can
be instantiated for the signals and algorithm diagrams créad by the subcontractor in
WipersStory. The diagram seen in Figures.7 represents this relator model. As can

be seen in the diagram, the port declarations from the sigreadiagram are linked with
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SD2ABD : RelatorMetamodel |
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Figure 5.5: IConsistencySD-ABD relator metamodel and relation type constraints.
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* |4 wiperController : Statemachine Diagram

< waterSprinkler : Statemachine Diagram

< mainWiperActuator : Statemachine Diagram

< MainWiperController

< MainWiperActuator

|WiperActivation IWiperActivation

|ActivateWipers
IWiperSpeed |WiperSpeed

IDeactivateWipers
ISetWiperSpeed
|ActivateCleaning

ISprinklerActivation

; < WaterSprinkler
ISprinklerActivation

Figure 5.6: Instance of theDConsistencyABD-SMnmelation in WipersStory.

ports in the algorithm block diagram. For signal declaratias corresponding to signal
communications internal to the component, there exist pasr of ports, which are linked
with corresponding port elements in the algorithm block digrams. Conversely, for signal
declarations that refer to communications external to the @amponent, there exist single
port declarations which are linked to ports of the algorithmblock diagram at the points

where the relevant interfaces are exposed.

In order to check the kinds of consistency that were discuss@bove between these
models, we need to validate these two relator models as inst&s of their respective
concrete relation type metamodels and constraints. This nabe accomplished with an
appropriate tool that supports the validation of models, ad therefore relator models,

with respect to their declared type (see also Chaptes).

In our example the validation of the declaration consistencrelationship produces an
error as there exists a naming inconsistency between tihdainWiperController algo-
rithm block and its corresponding state machine, namediperController . A similar

error would have been produced if for some of the algorithmdatks there wasn't a link
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4 MainWiperCont

roller
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|ActivateCleaning
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IWiperActivation

IWiperSpeed

ISprinklerActivation
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ISprinklagActivation
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{ <+ WiperControllerActivateWipersPort
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< SDeactivateWipers WiperControllerWiperSpeedPort }/
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% IWiperSpeed

4 SSetWiperSpeed 4 SSprinklerActivation
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{ <+ WiperControllerSetWiperSpeedPort
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< LeverinputActivateCleaningPort ]

4 lActivateCleaning r

<+ SActivateCleaning

- Interface %

Figure 5.7: Instance of thedConsistencySD-ABD relation in WipersStory.
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to a state machine in the macromodel. If this inconsistencysicorrected, subsequent
validation attempts will be successful, as all algorithm laicks will be linked with a corre-
sponding state machine of a proper name, and therefore therpose of the relating the
two models with a declaration consistency relationship tyg will have been achieved.
Similarly, validation of the interface consistency relatomodel will produce no errors.
This will happen because, one the one hand, all interface tm@tions are associated
with at least one port declaration. On the other hand, for alports de ned in the signals
diagram there exists a link to a port declaration in the algathm block diagram with
the appropriate name! Hence, the purpose of relating the two models with an interéa

consistency relationship will also have been achieved.

5.2 Composition

Another application of the relation-centric approach is tause composition of relationships
to create new ones. The utility of such an application can bevbfold. On the one hand,
we can compose relationships in an exploratory manner, tovestigate whether models
are related in a particular way. On the other hand, we can congse relationships in
order to infer implicit knowledge about non-evident relatbnships between models to
potentially uncover previously unseen underlying inconstiencies. Moreover, composition
of relationships can be used to automate the task of structing a set of models, in the
sense of explicating only necessary relationships and imfieg the rest.

The discourse on consistency presented in the previous sewatis therefore of partic-
ular interest. By composing relationships to infer new onesve can, for example, verify
that a particular chain of relationships indicates a desiik property, or that a particular
sequence of transformations has a desired result. This peestive can be important in

view of the software lifecycle, where a change occurs in somedel and the need arises

In the algorithm block diagram, the ports are labeled with the name of their respective interface,
not their actual instance name.
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for each link 1 :Link 2 firstRelatorModel
do for each link 2 : Link 2 secondRelatorModel

do if Ighk L:linkEnd = link 2:linkStart

% new link 3 : Link
link 3:linkStart := link 1:linkStart
then

link 3:linkEnd := link 2:linkEnd

- outputRelatorM odel:add(link 3)

Figure 5.8: Generic composition algorithm.

to verify whether relationships that held for its previous ersion still apply for the new
version.

Our approach of explicating relation types provides groundg to start developing a
theory of composition operators (and operators on model eglonships in general). In
parallel with the relation type hierarchy, various compogion operators can be de ned,
each with its own signature. We can envision a composition egator hierarchy, with a

generic composition operator with the signature
Composition : Relation Relation ! Relation (5.1)

as the root element.

Such a generic composition operator can employ the simplegatithm presented in
Figure 5.8 In particular, the composition algorithm follows each paiof links in the two
related models for which the target element of the rst link oincides with the source
element of the second, and creates a new link from the sourdetlee rst link to the
target of the second link in the new relator model.

We can create more speci ¢ composition operators for more nhaular relation types,
that could potentially employ di erent algorithms. Such algorithms could take into
account the particular types of the input and output models.The idea of creating relation

type hierarchies, can be particularly useful in such casesince the explicit de nition of
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relation types and their structuring in hierarchies provie the grounds to quickly identify
the requirements for creating such composition algorithmslype hierarchies additionally
allow for exible de nition of composition operator signatures by taking advantage of
subtype substitutability.

In general, each composition operator has a signature casisig of input relation types
and a desired return relation type. The result of any relatioship composition operator is
always a relator model. This relator model must conform to t& relator metamodel and
type constraints of the relation type designated by the opator's signature. Successful
validation of this output relator model indicates that it properly relates the endpoint
models.

However, unless otherwise proven for the particular comptien operator signature,
it is not guaranteed that the output relator model will confam to the designated relation
type with respect to models that it connects. In other wordsthe set of relation models
conformant to relation types is not closed under compositiooperators, in the algebraic
sense. This allows us to use the potential success or failofghe validation of the inferred

relationship to draw conclusions about the consistency dii¢ set of models under scrutiny.

5.2.1 Application

We demonstrate the composition operator framework with asiple example from WipersStory.
As discussed in Sectior?.2, the automotive company creates a UML Component Dia-
gram specifying the windshield wipers component as a blacloo with interfaces. The
subcontractor creates a signals diagram, an algorithm blealiagram and a set of state
machines.

Assuming that the evident relationship between the componeé diagram and the in-
terface declarations in the signals diagram has been explied, we look into the scenario
where the automotive company is interested in establishintpat all of the speci ed in-

terfaces are also declared and implemented in the subcorgtar's implementation.
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Component |r1 : IConsistencyCD-SD (Signals
Diagram > Diagram

~
~
~

~
~
~

r2 : IConsistencySD-ABD
r3: IConsistencyCD-ABI)\“\

Algorithm
Block
Diagram

Figure 5.9: Overview of the WipersStoryiConsistency compaosition scenario.

As seen in Figure5.9, the appropriate concrete relation types need to be de nedn
particular, apart from the 1ConsistencySD-ABD relation type, that was de ned earlier
(see Figure5.5), the relation types IConsistencyCD-SD and IConsistencyCD-ABD are
de ned as sub-types of thdConsistency abstract relation type. Their relator metamod-
els can be found in the Appendix (Figure\.5 and A.6 respectively). The metamodels
for these relation type follow the same logic as that for thBEConsistencySD-ABDrelation
type, allowing the creation ofLink elements between the elements in the endpoint meta-
models representing interfaces, and requiring that all ietfaces in the source endpoint

model exist in the target endpoint model and are linked withLink elements.

For the particular scenario, the relator models; conforming to IConsistecyCD-SD
and r, conforming to IConsistencySD-ABDhave also been instantiated. The diagram for
r, can be seen in Figuré.10 In the diagram, the interface elements in the component
diagram are linked with the ports that correspond to interfaes with the same name in
the signals diagram. The diagram for, is depicted in Figure5.7 and is discussed in

Section5.1.3

The generic composition operatorH.1) can be directly used with the arguments be-
ing subtypes of the abstract relation typeRelation , due to subtype substitutability.
However, for demonstration purposes, we proceed to de ne ansistency composition

operator, by specializing its arguments to create the newgsiature
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Figure 5.10: Ther; relator model, an instance ofiConsistencyCD-SD.




Chapter 5. Analysis 50

Consistency Consistency ! Consistency
This can be further specialized for speci ¢ use of the inteae consistency abstract rela-
tion subtype:

IConsistency IConsistency ! IConsistency

If a complete, detailed, specialization of the compositiooperator is desirable, we can
create a signature particularly for the desired types, to elate thelComposition cp sp asp
operator, with the signature:

IConsistecyCD-SD  IConsistencySD-ABD ! IConsistencyCD-ABD
This specialized operator could have an algorithm di erenthan the generic composition
algorithm shown in Figure 5.8, that synthesize the new relator model by referring to

particular elements of the input relator metamodels, inst&d of genericLink elements.

For our example, however, the generic composition operatand its simple algorithm
is su cient. By executing the composition algorithm shown n Figure 5.8, we can com-
pose the relator models, and r,. The resulting relator modelrs, shown in Figure5.11,
contains links from the interface elements in the componerdiagram to their correspond-

ing ports in the algorithm block diagram.

As discussed earlier, it is not guaranteed that the resultgrelator model of a compo-
sition operator will conform to the relation type designatd in the composition operator's
signature. Therefore, an additional step is required, in wth the output relator model
must be validated against the designated output relation fge. In our example,r; must
be validated against the metamodel of théConsistencyCD-ABDrelation type (see Ap-

pendix, Figure A.6).

Validating the r3 relator model against its relation type be accomplished witrelevant
tooling, as discussed in Chapte6. In the particular case at hand, validation would not
produce any errors as all interfaces in the component diagnaare linked to correspond-
ing interface ports in the algorithm diagram of the appropate name. It can therefore

be safely said that for this particular composition the redting model conforms to the
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Figure 5.11: The inferred relator modet 3, an instance oflIConsistencyCD-ABD

designatediConsistencyCD-ABDrelation type.

This result of the validation can be used by the automotive gapany to verify that
the subcontractor's solution at least exposes all the nesasy interfaces designated in the
original speci cation. Moreover, by inspecting the resulhg relator model, the automotive
company can trace where the functionality for each interfacis located in the algorithm
block diagram.

In the case where the validation would produce errors, thatauld indicate either that
some interface is missing from the set of interfaces expodgdthe component or that
there exits a naming inconsistency. Bug xes could then be pped in the algorithm
block diagram based on this error report in order to bring theelated models in such
a state that the various consistency relationships, includg IConsistencyCD-ABD hold

between the various models of the wipers subsystem.
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Tool support

In Chapter 5, we demonstrated how our relation-centric approach can bengloyed in

a macromodelling context to tackle various model managentetasks, such as consis-
tency checking, inferring implicit knowledge and automatig the creation of composed
relationships between models, whereas other applicatiookit can be envisioned, as was

discussed in Sectiort.5.

A software platform for practically applying the approach wuld have to fulll a
number of requirements. On a basic level, it should support amromodelling and be
generic enough to be able to be deployed for various domai®r each particular domain,
such as the automotive domain, it should provide the infrasticture to de ne model types,
create structured collections of models conforming to thesypes and check the individual

models against their type.

More particularly to our approach, it should provide for thede nition of relation
types, creation of instances of them for particular modelsha checking of the relationships
against their types. And, with respect to Sectiorb.2, the framework should provide the
infrastructure to de ne and run operators such as composin on relationships and enable

the validation of the outputs.

With these in mind, we employed theModel Management Tool FrameworkMMTF),

52
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Operator Editor Model/Mapping
Plugin Plugin Type Plugin
MID Editor Mapping Editor
MMTF
Services Operator Regi Workspace
Manager egistry Access Layer

Eclipse
Services GMF EMF GEF

Figure 6.1: Overview of MMTF architecture.

introduced in [39. MMTF is a macromodelling tool framework based on the Eclge
platform technologies}], whose feature set satis es the list of requirements disssed

above.

More speci cally, MMTF is a generic framework for macromodéng. It supports
the creation of macromodels in the form oModel Interconnection Diagrams(MIDs).
Moreover, it allows users to create particular deploymentto cater to domain specic
needs, by adding model type, relation type and operator pligs. In this vein we have
created an automotive domain-speci ¢ deployment of MMTF, alled AutoMMTF which

contains plugins for the model types described in Sectich3.

For the various model and relation types, MMTF can accept etbr plugins created
with the Eclipse Graphical Modeling Framework (GMF)[/]. This in turn means that
all models and metamodels in MMTF are based on the Eclipse Melthg Framework

(EMF)[ 4] technologies and therefore emplolcore as their meta-metamodel.
MMTF supports creating subtypes of the model types for whictiull- edged GMF

plugins have been registered to it, by attaching to them cotrgints written in the Object

Constraint Language (OCL)B3. Models conforming both to full- edged types, as well
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as their to constrained subtypes can be veri ed using the EMMalidation framework.
MMTF allows for validation of individual models, as well as ér MIDs. In the case of
MIDs, validation occurs recursively: the MID is consideredalid if all its constituent
element models (which can be themselves MIDs) and relatidngs are valid with respect

to their particular type.

With respect to the speci cs of our approach, MMTF supports reating relationships
between models in the form omappings A generic mapping type, CommonMapping,
is provided. Concrete relation types, as described in Semti 4.1, can be implemented
by creating constrained subtypes of CommonMapping, in the amner described in the

previous paragraph.

Instances of the relation types, can be created in the MID Ettir component of
MMTF. The MID Editor allows users to create macromodels, by @ding various typed
models and creating mappings between them. A screenshot da@ seen in Figuret.2.
Such relationship models, can in turn be veri ed with respedo their relation type, using

MMTF's validation support.

Additionally, MMTF provides an infrastructure for declaring and running operators
in the MID Editor. A composition operator, implementing the algorithm presented in
Figure 5.8 is provided, alongside operators for a variety of uses, suah for name match-
ing, inverting mappings etc. In MMTF, operators can be genér or tailored for specic
model types. For example, for merging models, MMTF providea generic structural
merge operator alongside an operator speci cally for the havioral merge of state ma-
chines. Similarly, model type-speci c composition operats, as discussed in Sectioh 2,
can be created. Additional composition operators, and opaiors in general, can be added

to the framework via its plugin mechanism.

Tools comparable in purpose and functionality to MMTF can manly be found in the
context of the Epsilon ] and AMMA [ 1] projects. As discussed in more detail in Chap-

ter 7, these toolkits provide well-grounded support for a varigt of model management
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Figure 6.2: WipersStory in MMTF's Model Interconnection Dagram editor.

tasks, including good support for de ning mappings betweemodels, via the ATLAS
Model Weaver(AMW) [Z] in AMMA and the various languages built around EOL £§] in
Epsilon.

However, there is no support de ning explicit intention-sg@ci ¢ relation types to which
relationship models are required to conform. Moreover, touo best knowledge, other
than sequential execution of transformations (which can baewed as an implicit form of
composition) these toolkits do not provide any support for@amposition of relationships.
These tasks are made possible by MMTF via its mechanism thatlews subtyping with

constraints and its operator infrastructure.



Chapter 7

Related Work

Our work is in part inspired by the calls made by researchera the domain of automotive
software engineering, an area where model-based techngj@e becoming increasingly
signi cant, for integrated, seamless model-driven appraaes [ . We approach the prob-
lem from a model management perspective, and thus work redat to what we presented

here comes mainly from that research area.

In the context of model management, our work is closely reled to research on multi-
model systems. In this context, we can identify two major sdols of thought: the Epsilon
project [6] and the Atlas Model Management Architecture []. Epsilon aims to build a
family of task-speci ¢ languages centered around the Epsit Object Language (EOL) Pg]
with the aim to manage models independently of their metamadl. The approach of the
AMMA project on the other hand is centered around the concepdf \megamodels”, an
environment that considers models, metamodels, tools, smes and other related entities

as a whole 15].

In the context of the Epsilon project, the di erent kinds of relationships between
models are treated with regard to the particular task at hand The Epsilon Comparison
Language (ECL) is employed to automate the process of idefying matches between

models for purposes such as di erencing, versioning and etis 26]. The Epsilon Trans-
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formation Language (ETL) provides support for model trangfrmations [30] which can be
considered a class of model relation types, while the Epsilderging Language (EML)
provides support for model merging47]. Additionally, the Epsilon Validation Language
(EVL) provides the capability to manage inconsistencies heeen models. In the same
research context of detecting inconsistencies across misg&olovos et al. have also iden-
ti ed some conceptual relation types, akin to our line of thaght of identifying relation
types with regard to their purpose. This work, also has the atkéd bene t of tackling not

only the problem of detecting inconsistencies, but also thesue of repairing them 9.

In the context of the AMMA project, transformations are the nmain focus in relating
models. The Atlas Transformation Language (ATL) £5] is implemented as a realization of
the Object Management Group's Query-View-TransformatioQVT) speci cation [ 34],
a language for specifying transformations and relations tveeen models. The AMMA
platform further includes the Atlas Model Weaver (AMW), with which users can specify
typed links between model elements?fl]. In the context of AMW, models are related
by creating weaving models conforming to weaving metamodetreated for particular
application domains. Work on managing consistency under ¢humbrella of AMMA
has been conducted by using ATL to transform the models undecrutiny to \problem

models" [L4].

Compared to these approaches, our approach attempts to capé the various kinds
of relations at a higher level of abstraction. Our conceptuaramework is allows for
the handling of relationships in an abstract and generic maer which can be extended
to represent arbitrary kinds of relation types. In this sens, our approach can provide a
platform for integrating the various perspectives present these lines of work. Moreover,
our approach to conceptualizing relationships as conforng to relation types, opens up
the space to adopt type theoretic approaches to various prigms, thus achieving a degree

of formalism at a high level of abstraction.

More generally, the problem of consistency checking has bhestudied extensively.
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Some indicative literature includes 38 where two models are merged into one which
is then checked against consistency constraints}4] which looks into the problem from
the perspective of traceability, 19 which focuses on extracting constraints from model
transformations, and many others. Finally, regarding thessue of composition of com-
position of model mappings, related literature includes atidy of model operators in
[11], while in a wider context, which includes model transformtéon, related work has
been done with chains of ATL transformations{(]. As discussed earlier, our approach
can facilitate bringing such particular model managementgplication tasks on a unifying

platform, which can encompass these as well as other tasksaim integrated way.



Chapter 8

Conclusion

8.1 Discussion and evaluation

We presented an approach to model management based on theiontof de ning and
explicating relation types and then using them in a macromaading context. We demon-
strated the approach with examples from the automotive donia, an area where the use
of model-based techniques is increasingly emerging as adustry norm, and is therefore
faced with signi cant model management problems.

Our approach entails the formation of relation type hieraraies, by declaring abstract
types that capture the intent for a particular way to relate nodels. By additionally
specifying particular application scenarios and correcess for these scenarios, we can
create concrete relation types that specialize the abstriagnes for particular model types.

In Section 2.4, we listed the following requirements for an approach to ma&t man-

agement:

1. It should enable developers to reason about how a set of netidg artifacts is

semantically structured.

2. It should provide the infrastructure for validating this structure to expose potential

inconsistencies.
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3. It should facilitate the inference of implicit knowledgeabout the ways that models

are dependent in non-evident ways.

With respect to the rst requirement, in Section 4.2 we de ne relation types as tied
to particular intentions and in Section 4.3.1 we require that the semantics of concrete
relation types are explicated in the form of relation type cestraints. In a macromodeling
context, this enables developers to create typed macromdsi€ontaining typed models
and typed relationships among them. This creates a semanstructure that captures the
interdependencies among the various models. Furthermomes discussed in Sectiod.2.2
macromodels can be nested. Applying the same principles]ationships can be estab-
lished between macromodels, and therefore it is possibled@ate semantically structured
hierarchies of models, where the semantics are captured thettypes of models and the
types of relationships between them.

What our approach does not address is the issue of macro-teaships, that is,
nesting relationships between models from di erent metantels in a relationship bundle
at a higher level of abstraction. Such a feature would enablgevelopers to express
complex relationships betweertollections of models, as opposed to between individual
models.

Regarding the second requirement, we discuss in Sect® how the well-formedness
constraints attached to any concrete relation type can be ed to validate the proper
application of the relation type. As discussed above, the mantic structure of a set of
models is constructed by creating macromodels containinged models and relationships
between them. All relationships between models are conceatelationships which are tied
to speci c semantic constraints as de ned in Sectio.3.1 Validation of the semantic
structure of a set of models is therefore a matter of recurgly validating the macromodel
which captures it with respect to the model and relation type of the elements that it
contains. Additionally, in Section 5.1, we de ne relation types speci cally to capture

checkable consistency dependencies between models. Gomiscy relation types are a
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additional powerful means to verify the consistency betwaemodels in a structured set,
as they provide a way to explicitly specify which models shdédibe consistent and how.

A potential shortcoming of our approach with respect to thigequirement is that as
validation is based on examining OCL constraints on modelerhents, the input to the
user could be too low level, compared to the high level of albattion to which we aim.
Additionally, our approach does not address the issue of grosing potential xes for any
inconsistencies uncovered by the validation process.

With respect to the third requirement, we describe in Sectin5.2 how typed relation-
ships can be employed to de ne composition operators. Sucperators can in turn be
used for the composition of relationships that have alreadyeen explicated in a macro-
modeling context, to automatically infer new relationshig. Such inferred relationships
expose implicit knowledge about non-evident dependencibstween models. Checking
such a relationship model against the relation type specice by the signature of the
composition operator enables uncovering potential incolsgencies between the related
models.

An issue with this approach to uncovering implicit inconsigncies is that it can only
uncover expectedinconsistencies, i.e., inconsitencies checkable by coasits already ex-
plicated for the relation type designated as the output of aamposition operator. Our
approach does not tackle the issue of composing the consttai of the input relation
types of a composition to infer those of its output relationype. Such a technique could
potentially uncover non-evident types of inconsistencieghat cannot be detected by our

approach so far.

8.2 Future work

On a basic level, our approach to declaring and de ning relain types opens up the space

for approaching model management in a more systematic mamné\Ve have presented
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a few applications of such an approach, but we can envision auch larger application
domain. As sets of models are structured around a particulgurpose, de ning rela-
tion types to capture their semantic structuring can faciliate greater comprehension of
sets complex sets, in a context that can potentially encompa the whole of the software
lifecycle, from requirements to code generation and deplognt. We intend to further
investigate such uses including creating traceability lis, de ning transformations, man-
aging variability and deferred design decisions, guidingesielopment and representing

evolution.

At the same time, we nd that it might be cumbersome for develpers to need to create
concrete relation types for all possible models that they eounter. For each concrete
relation type, relator metamodels need to be created and thearticular semantics for
it must be expressed as constraints on it. An issue that thei@e could be useful to
investigate more would be to see how to integrate our work viita more generic approach,
possibly through a mechanism such as the notion of genericaifid in Java, or templates
in C++. Such an approach could potentially allow developerdo automate part of the

process by capturing the abstract semantics at a higher ldvef abstraction.

Moreover, as abstract relation types are intended to convegn intent or purpose,
it may make much sense to create taxonomies of such abstraetation types. This
would entail the identi cation of speci c properties and ciiteria, whose variance cross-
cuts among the various relation types. These could then bead as building blocks for
de ning relation types, irrespective of the particular unerlying model types. Combined
with the ideas discussed in the previous paragraph, this couprove to be a powerful

mechanism for quickly deriving concrete relation types.

Finally, as described in Sectiorb.2, composition operators can be declared with spe-
ci ¢ signatures. In the same section, we discussed how thetput of such operators is
not guaranteed to conform the the designated output relatio type, and that the result

of validating against its type can be used to draw conclusisre.g. with respect to con-
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sistency. At the same time however, we feel that, at least f@ome input types, it could
be possible to prove that the output will always conform to s designated type. Such a
potential opens up the space for automating many model managent tasks, and should

therefore be further investigated.
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H AlgorithmPort

T name : EString

algoContainer
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T name : EString

T name : EString
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H AlgorithmBlock

algorithmBlock
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simulationFrame

H SimulationFrame
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H AlgoRequiredPort

£ AlgoProvidedPort

T name : EString

to 1 from 1
portLink
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Algorithm Blocks are the basic elements for creating logitarchitectures of compo-

nents. They can be decomposed internally in Block elements tlescribe distinct parts

of behavior. They can also be organized in Simulation Framethat contain scheduling

information. Additionally, they can have a number of Ports ér accessing Interfaces to

Signals (see Figuréd.2). Port links can be used to create connections between blatk

ports, following the required/provided pattern for interfaces.

Figure A.1: Metamodel for Algorithm Block Diagrams, discused in Section2.3.1
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signallnterface

H Signallnterface

71

1_signallnterface

H AlgorithmPort

Z name : EString

A

1

£ name : EString

0..*
provided

0..*

required

£ FramePort

T name : EString

1| signal

H Signal
T name : EString

L

E AlgoRequiredPort

£ AlgoProvidedPort

H HardwareSignal £ DataSignal

For each Signal, de ned as a hardware or data signal, an Inface element must be

declared. Signal Interfaces are utilized by Algorithm Blde (see FigureA.1) via required

and provided port elements. Interfaces can also be bundlea Frame ports.

Figure A.2: Metamodel for Signals Diagrams, discussed incdien 2.3.2
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submachine parentState
0..* 0.1
start H Machine L H State
1 T name : EString
end | 4
£ FinalState
& name : EString
outgoing |0..*
B Transition H Initialstate
= . i *
T hame : EString |Q.. < name : EString
incoming

context Machineinv :

self > count(outgoing) <=1
In general, a state machine consists of states and transii®. States can be simple or
composite, and there exist initial and nal states. For the @main speci c state machines

of the automotive domain, only one outgoing transition is d&wed for each state.

Figure A.3: Metamodel for State Machines, discussed in Sixt 2.3.3
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UV :: Classes::Dependencies::NamedElement I

Fiy
| UML:CompositeStructures:StructuredClasses:Class I
I UML::Classes::Dependencies::Realization I
{subsets owner,  1subsets
subsets client} ownedElement}
Component + abstraction + realization | ComponentResization
isindirectlylnstantisted : Boolean 0.1 L X
* * *
-{readOn!y} {readonly} {subsets supplier}
+ frequired |» * |+ forovided + realizingClassifier | 1.*
| UML::Classes:Interfaces:Interface I | UIVR. - Classes::Karnel-: Classifior

On a basic level, UML Component Diagrams contain componenieenents which possibly

expose a number of provided and required interfaces.

Figure A.4: Basic metamodel for UML Component Diagrams, asigtussed in Sec-

tion 2.3.4 Source: UML Speci cationp5], Figure 8.2.
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CD2SD : RelatorMetamodel |
cD

MK
H Link
SD li,V

context |: Link inv:
CD!Interface.allinstances() > forAll( i j SD!Signalinterface.allinstances() > exists(
sj i.name=s.name and l.start=i and s.end=s))
In this interface consistency concrete relation type, forvery Interface element in the
Component Diagram there must exist a Signallnterface elemiein the Signals Diagram,

and they must be connected via a Link element.

Figure A.5: IConsistecyCD-SD relator metamodel, discussed in Sectioh.2.1
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CD2ABD : RelatorMetamodel |
cD
linkStart
» ABD linkEnd
context |: Link inv:

CD!Interface.allinstances() > forAll( i j ABD!AlgorithmPort.allinstances() > exists(

aj i.name=a.name and l.start=i and l.end=i))
In this interface consistency concrete relation type, forvery Interface element in the
Component Diagram there must exist a Port element in the Alg@thm Block Diagram,

and they must be connected via a Link element.

Figure A.6: IConsistencyCD-ABDrelator metamodel, discussed in Sectioh.2.1
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