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| was born not knowing
and have had only a little time
to change that here and there.

Richard P. Feynman






Abstract

E cient software engineering for complex systems requires abstration, expertise from
multiple domains, separation of concerns, and reuse. Domain experts ararely software
engineers and should be enabled to formulate solutions using their doam's vocabulary
instead of general-purpose programming languages (GPLs). The successfategration
of domain-speci ¢ languages (DSLs) into a software system requires a paration of
concerns between domain issues and integration issues while retangi a loose enough
coupling to support reusing a DSL in di erent contexts.

Component-based software engineering (CBSE) aims to increase softwareuse and
separation of concerns by encapsulating functionalities in components This enables
domain experts to develop solutions separated from integration concernsdJsually com-
ponents are artifacts of GPLs, which gives rise to accidental complexigs [FRO7] and
ties these to speci c target platforms.

Model-driven engineering (MDE) abstracts from programming by lifting models to
primary development artifacts. Models can be more abstract and betterromprehensible
by using domain vocabulary instead of a GPL. Furthermore, they can be phtform-
independent and translated into GPLs for di erent target platforms.

Component & connector (C&C) architecture description languages (ADLs) @mbine
CBSE and MDE to enable composition of software architectures from compora mod-
els. Such models de ne stable interfaces required to separate daim concerns from
integration concerns. They can also employ the most appropriate DSLs to @scribe com-
ponent behavior and support translation into GPL artifacts specic to di erent target
platforms. Current research in MDE with ADLs focuses on structural modeling and re-
quires component behavior either in terms of GPL artifacts or xed component behavior
languages. The former gives rise to accidental complexities, the lattedemands that
domain experts learn modeling languages foreign to their domain.

This thesis presents concepts for engineering complex softwarestgms with exchange-
able component behavior languages that enable contribution of domains exper us-
ing the most appropriate DSLs. The concepts are realized in a software ahiecture
modeling infrastructure that comprises multiple modeling languages to develop appli-
cations based on C&C software architectures with exchangeable componeitehavior
languages. It supports model-to-model transformations from platform-irdependent to
platform-speci ¢ software architectures and compositional code genattion. With this, it
enables domain experts to (re-)use the most appropriate component beakior languages
and facilitates composition of domain solutions through encapsulation in compnents.



It also enables reusing a single platform-independent software ardecture with multiple
platforms. To this e ect, it combines results from software language ewgineering, model
transformations, and code generator development to C&C ADLSs.

The main contributions of this thesis are:

Concepts to integrate domain-speci ¢ languages into component & conneot soft-
ware architectures to reduce accidental complexities, separate conrns, and facil-
itate their reuse.

Methodical guidance to transform platform-independent into platform-speci ¢ ar-
chitectures minor e ort to increase reuse of components and architdares.

Concepts of reusable compositional code generators for speci ¢ systempasts.

A family of modeling languages to support architecture development wh ex-
changeable behavior DSLs.

A model-driven infrastructure, based on an extensible component &connector
architecture description language that realizes these concepts.

An evaluation of presented concepts in multiple contexts.

Employing these methodologies facilitates engineering of complexofiware systems
by abstracting from programming issues, separating concerns, and reiing components,
domain-speci c languages, as well as code generators.



Kurzfassung

Die e ziente Softwareentwicklung komplexer System bedarf hoher Abstraktion, der
Beteiligung von Experten aus verschiedenen Doemen, der Trennung von Belangen und
eines hohen Grades an Wiederverwendung. Dosmmenexperten sind selten Softwareex-
perten und sollten daher beghigt werden Lesungen im Vokabular ihrer Domanen zu
entwickeln. Um dies zu erreichen wurden in der modellgetriebm@en Softwareentwicklung
eine Vielzahl von donanenspezi schen Sprachen entwickelt Die erfolgreiche Integrabin
domanenspezi scher Sprachen in Softwaresysteme bedarf einer angersesen Trennung
von Domanen- und Integrationsbelangen, wobei die Kopplung dieser Sprachende genug
sein muss um deren Wiederverwendung in anderen Kontexten zu emglichen.

Komponentenbasierte Softwareentwicklung versucht die Wiedererwendung von Soft-
ware Kapselung von Funktionalitaten in Komponenten zu ertehen. Dies ernoglicht
Domanenexperten losungen unablngig von Integrationsbelangen zu entwickeln. In
komponentenbasierter Softwareentwicklung werden Komponenterublicherweise durch
Allzweck-Programmiersprachen beschrieben. Diesihrt zu \unbeabsichtigten Komplex-
itaten" [FRO7], welche darin bestehen Programmierdetails anstelle von Bmanenprob-
lemen zu bsen und #hrt dazu, dass die losungen nur zu bestimmten Zielplattformen
kompatibel sind.

Modellgetriebene Softwareentwicklung abstrahiert von Programmiedetails durch die
Verwendung von Modellen als primare Entwicklungsartefakte. Diesen lonnen abstrak-
ter und, durch Verwendung von Domanenvokabular, besser vergndlich sein. Weiter-
hin kennen sie plattformunabhangig sein und durch®bersetzung in mehrere Allzweck-
Programmiersprachen mit mehreren Plattformen wiederverwendet \erden.

Komponenten und Konnektor Architekturbeschreibungssprachen kominieren kom-
ponentenbasierte Softwareentwicklung mit modellgetriebener &ftwareentwicklung zur
Komposition von Softwarearchitekturen aus Komponentenmodellen. Dise Modelle ver-
feagenwber stabile Schnittstellen zur Trennung von Belangen, lennen Komponentenver-
halten in angemessen domnenspezi schen Sprachen ausdicken und ermeglichen eine
automatisierte bersetzung in plattformspezi sche Artefakte. Gegenwartige Forschung
in der modellgetriebenen Entwicklung mit Architekturbeschreibungssprachen untersucht
strukturelle Systemaspekte und erwartet Komponentenverhaltenentweder in Form von
Artefakten von Allzweck-Programmiersprachen oder in Form apriori fesgelegter Mod-
ellierungssprachen. Ersteresethrt zu unbeabsichtigten Komplexitaten, zweites erfordert
dass Domanenexperten domanenfremde Sprachen lernen.



Diese Dissertation pmsentiert Konzepte fr die Entwicklung komplexer Softwaresys-
teme mit austauschbaren Komponentenverhaltenssprachen. Diese Kaepte sind in einer
Infrastruktur zur Modellierung von Software-Architekturen real isiert welche mehrere
Modellierungssprachen umfasst. Sie untersttzt die agile Einbettung angemessener Ver-
haltenssprachen, Modell-zu-Modell Transformationen von plattformunabhangigen zu plat-
tformspezi schen Softwarearchitekturen, und kompositionale CodeGeneratoren. Dies
ermeglicht Domanenexperten die angemessensten Komponentenverhaltenssprachzm
verwenden und eine einzige, plattformunablngige, Softwarearchitektur mit verschiede-
nen Plattformen wieder zu verwenden. Um dies zu erreichen, komhiert diese Infras-
truktur Erkenntnisse aus der Entwicklung von Software-Sprachen Modell-zu-Modell
Transformationen, und aus der Code Generator Entwicklung mit Komponeten- und
Konnektor Architekturbeschreibungssprachen.

Die wichtigsten Beitrage dieser Arbeit sind somit:

Konzepte fur die die Integration domanenspezi scher Sprachen in Komponenten-
und Konnektor Softwarearchitekturen zur Reduktion unbeabsichtigter Komplex-
itaten, Trennung von Belangen und Erleichterung von deren Wiedervavendung.

Eine Methodik zur Transformation plattformunabh angiger Softwarearchitekturen
in plattformabh angige Softwarearchitekturen zur Erlehung der Wiederverwend-
barkeit von Komponenten und Architekturen.

Ein Konzept zur Wiederverwendung kompositionaler Code Generatone fur bes-
timmte Systemaspekte.

Eine Familie von Modellierungssprachen déir die Architekturmodellierung mit aus-
tauschbaren Verhaltenssprachen.

Eine modellgetriebene Werkzeugkette die diese Konzepte reaist.
Eine Evaluierung vorgestellter Konzepte in verschiedenen Konteten.

Die Anwendung dieser Methodiken erleichtert die Entwicklung komplexer Softwaresys-
teme durch Abstraktion von Programmierungsdetails, durch eine gendliche Trennung
von Belangen und durch Wiederverwendung von Komponenten, Architekuren, doma-
nenspezi schen Sprachen und Code Generatoren.
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Chapter 1

Introduction and Motivation

Wisdom begins in wonder.

Socrates

Software engineering for modern application domains, such as cloud-baseystems,
cyber-physical systems (CPS), or robotics is a complex endeavor @uto the heteroge-
neous and distributed nature of their applications. While componentbased software
engineering has been applied to such domains successfully, the digption of model-
driven engineering (MDE) is still emerging. The resulting variety of languages covers
from geometric, spatial, and kinematic properties (CPS, robotics) to bad distribution,
system replication, and database access (cloud) to behavior descripns and software ar-
chitectures. Software engineering with C&C software architectue description languages
facilitates distributed development and evolution by separating functionality into ex-
changeable components with stable interfaces, thus increasing reei@nd maturity of the
software. Describing component behavior by the most appropriate moeling languages
liberates domain experts from becoming software engineering expert Instead, model
processing tools embody the knowledge required to transform prdbm domain models
into solution domain source code. The approaches to MDE are diverse andhé necessity
of reusable, compositional modeling languages has been argued for [KRV08b, JMD4].
Nonetheless, current architecture modeling languages and frameworkdo not consider
extensibility and reuse su ciently. Software language engineering(SLE) investigates
such traits and has provided solutions realized in form of language workbethes for the
compositional development of modeling languages.

This thesis contributes to the application of MDE to complex domains by providing
concepts for architecture engineering with exchangeable componentehavior languages
and code generators. These concepts are realized in the extensibleoMiArcAutomaton
software architecture modeling infrastructure based on the SLE pmciples realized in
the language workbench MontiCore [KRV08b, KralQ] and the architecture desdption
language (ADL) MontiArc [HRR12]. We extend the MontiCore language MontiArc with
concepts to integrate exchangeable component behavior languages, introde concepts
and modeling languages to describe the use of architectures for modehnsformation
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and code generation. The concepts and modeling languages are integrateddran infras-
tructure to increase reuse of components, architectures, languageand code generators
while separating concerns of participating experts. This infrastucture reduces the e ort
for integration of the most appropriate component behavior languages into compnents,
enables black-box composition of code generators, and facilitates trar@imation of soft-
ware architecture models into executable systems for multiple [atforms.

1.1 Motivation

Our work on software architecture modeling with exchangeable compondrbehavior lan-
guages, transformations from platform-independent to platform-specic architectures,
and composable code generators is driven from experiences with robatic As modern
robotics systems are distributed and concurrent, connected to clogrsystems and data
bases, perform complex on-board calculations based on input fused from rtiple sen-
sors, and require participating of experts from multiple domains, the results should be
generalizable to other domains as well.

Robotics is a heterogeneous domain in which successful deployment efen simple
applications requires tremendous e ort in crafting solutions specic to participating
domains (such as path planning, vision, grasping) and in integration of the reulting
software modules. Software engineering for robotics applications thuis a sophisticated
endeavor which poses many challenges and successful robotics applioas usually are
the joint e ort of teams of domain experts. This domain-intrinsic compl exity forces
robotics experts to become software engineering experts as well [BB 07, SSL11] or
leads to monolithic and hardly reusable applications [BS06, Mos09, SSL11]. A wstly
on the RoboCup@Home competition of service robots [Muel3] analyzed 31 teams and
found that more than 50% develop their own robots instead of reusing exishg hardware
and software. Of the 31 teams, less than 25% used the same middleware, andlaast
six di erent programming languages were used.

Robotics has turned to software engineering, to adopt methodologies, tbnologies,
and tools to tackle these complexities via component-based softwarengineering [Bru01,
ASK™* 05, BBC* 07, QGC' 09, NFBL10], and, recently, model-based software engineer-
ing [BGBKO08, BDHN10, MAHR10, SSL11, ASH" 12, BBH13, BKH" 13, OAR" 14]. With
the help of component-based software engineering, robotics researckeaim to separate
system complexity behind stable component interfaces, which endes exchanging and
reusing components. Such components are developed with general-pase programming
languages (GPLs) and thus are bound to speci ¢ paradigms, concepts, and pléarms.

From this conceptual gap [FRO7] between challenges of the problem domain®.g.,
path planning) and answers from the solution domain software engineering in form of
software programs - complexities arise. These are not tied to the chaliges itself, but
to hand-crafting and integrating solutions with speci ¢ implement ation details. Such
accidental complexities [FRO7] increase risks and costs of software gexts and require
domain experts to become software engineering experts. This condel gap can be
alleviated by solving domain challenges abstracted from implementatiordetails.
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Model-driven engineering [Sel03, SVEHO05] aims to reduce this gap by imbducing mod-
els as development artifacts which can be domain-speci ¢, conciselgiform-independent,
and better comprehensible than source code programs [MHS05, SMTS09, WHR143uch
models can be used for communication, documentation, and generation of agl imple-
mentations [WHR14]. They can capture domain-speci ¢ information (suchas kinemat-
ics [SCSO07, FBC11], force-controlled motions [KSBDS11], geometric relatns [LSGB12],
manipulation plans [THR* 13, Van13], or perception information [Hoc13]). They also
can capture information speci c to software engineering (for instancein form of UML
diagrams [OMG10] or software architecture models [MT00, SSL11, BKH13]). Espe-
cially software architecture modeling has been applied successfyto robotics [NFBL10,
SSL11, Troll, DKS 12, NW12, BKH* 13], as it combines component-based software
engineering with the bene ts of model-driven engineering: Archiecture models allow
identi cation and separation of logically and physically independent conponents and to
structure the application under development hierarchically.

In contrast to GPL artifacts, architecture and component models can beagnostic of
the target programming language, provided by respective experts, andhus can be highly
reusable. Therefore, architecture modeling can reduce the conptial gap by describ-
ing large parts of the overall application under development with greate abstraction
- for instance via component models, component behavior models, datyype models,
or deployment models. It furthermore facilitates reuse by enabing exchange of compo-
nent models with stable interfaces and enables transformation of exeitable models into
multiple target systems via software engineering expertise emigied in code generation
tools. Thus it can liberate robotics experts from becoming software egineering experts
and integration experts from becoming robotics experts.

Current software architecture description languages (ADLS) lack exprssiveness and
extensibility with respect to generative software engineering GSE). Either component
behavior is omitted [GMW97, Troll, BKH * 13], required as GPL artifacts [MRT99,
VVKMO00, ACN02, MCWF02, JBCGO05, CKS11, SSL11, FG12], or as xed component
behavior languages [BDCO02, NFBL10, DKS 12]. The former two approaches are of
limited use and give rise to accidental complexities. The third appoach requires to use
any of the prescribed languages. These are usually little abstract and l&cthe clarity of
domain-speci c languages (DSLs) [vDKV00, MHS05, FR07, Fow10].

Similar issues hold for employed data type modeling languages: eithéypes are omit-
ted [Troll, BKH* 13], GPL types [NFBL10, SSL11], or modeled using a type modeling
language (such as UML [OMG10] class diagrams) [Trol1]. The two former approaches
are of limited use and tied to GPLs again, while the latter restricts developers to a certain
language with speci c properties (such as complexity or underspecication). Only few
ADLs support integration of arbitrary component behavior languages [NDZR04, FG12]
and these are either overly complicated or do not consider integrated ade generation
for language aggregates.
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1.2 Main Goals and Results

This thesis' research objective is to enable seamless model-den engineering of appli-
cations based on C&C architectures with exchangeable component behawi languages.
This entails a number of subsequent research questions regarding adeling language
integration, model transformation, and code generator composition. We thesfore in-
vestigate how a C&C architecture description language, its conceptsand infrastructure

can be extended to enable language integration, how their models can bergched with

platform-speci ¢ information, and how to generate code for combinationsor exchange-
able languages. For such, we introduce modeling languages, methods, amnabls for

di erent aspects of model-driven robotics software engineering wh C&C software ar-

chitectures.

The contributions presented in this thesis are:

Requirements for an extensible architecture description languagehiat allows inte-
gration of exchangeable component behavior languages.

An investigation and modeling concepts for the distinction of platform-speci ¢ and
platform-independent component models.

An architecture description language realizing these concepts.

Concepts of behavior language integration exploiting the C&C nature of thatADL
and a mechanism to realize their integration.

A state-based component behavior language based on I/Oautomata and its in-
tegration.

Concepts of platform-speci ¢ and platform-independent software arclitecture mod-
els and their relation to another.

A model-to-model transformation from platform-speci ¢ to platform-i ndependent
software architecture models.

Concepts for black-box code generator composition exploiting structtal properties
of C&C software architectures and its realization.

The MontiArcAutomaton architecture modeling infrastructure compri sing the con-
cepts, ADL, state-based behavior language, model transformation and code ge
eration framework to enable multi-platform generative software enginegng.

Methodical guidance describing the application of the MontiArcAutomaton infras-
tructure with its features to software engineering projects.
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1.3 Thesis Organization

We present concepts, a methodical guidance, and their realization t@vercome the lim-
itations presented in Section 1.1. With these, software engineers camodel platform-
independent logical software architectures and gradually transform thee into platform-
speci ¢ implementations. For this, the remainder of this thesis is organized as follows.
First, Chapter 2 introduces the concepts of model-driven develpment with C&C soft-
ware architectures and software language engineering. To this e ect, ilso introduces
the language workbench MontiCore [KRV10] and the ADL MontiArc [HRR12]. Chap-
ter 3, presents a usage scenario from which we derive requirementsr model-driven
engineering of C&C architectures with exchangeable component behaw languages,
and describe the resulting software engineering process for Mo#rcAutomaton. Chap-
ter 4 presents the MontiArcAutomaton ADL with its language elements, well-formedness
rules, and AST transformations. Furthermore, it describes how compoent behavior
languages are integrated into MontiArcAutomaton and the MontiArcAutomaton ADL.
Afterwards, Chapter 5 presents a state-based behavior language based ohet 1/0"
automata paradigm [Rum96, Rin14] and its integration into MontiArcAutomaton. Sub -
sequently, Chapter 6 explains the concepts of multi-platform geneative software en-
gineering with MontiArcAutomaton. To this end, it introduces inter face components,
interface libraries, and implementation libraries. It also introduces the modeling lan-
guages and model transformations realizing the aforementioned conceptsChapter 7
describes the code generator composition with its concepts, constients, and infrastruc-
ture. It also introduces code generator kinds, the code generator deription modeling
language, and two code generator families for di erent platforms. Chapter8 introduces
the notion of applications and their con guration for concrete combinations of languages
and code generators. Chapter 9 subsequently presents evaluations andse studies using
MontiArcAutomaton in various scenarios ranging from academic to industrial projects.
Finally, Chapter 10 concludes.

1.4 Related Publications

The results presented in this thesis were produced within \e years of research. As such,
various parts have been published prior to this thesis. This sedbn describes related
publications.

In the rst version of MontiArcAutomaton [RRW12], the ADL consists of a sin-
gle language featuring language elements for software architectures and aut@ta.
Furthermore, the code generation infrastructure is limited to monolithic code gen-
erators producing a speci ¢ form of Java source code.

Subsequently, MontiArcAutomaton is extended with a code generation mfrastruc-
ture for usage with multiple code generators and results on the e ort of é&veloping
code generators with it are reported [RRW13b].
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That state of MontiArcAutomaton was used in a lab course to develop a system
of distributed Lego NXT robots with Java. Results of this course are presated
in [RRW13a].

That state of the MontiArcAutomaton language is also presented in detail a tedni-
cal report [RRW14a], which omits Java expressions to describe trangon actions.

The rst extension of MontiArcAutomaton with other behavior languages is pr e-
sented in [RRW13c], where automata are a xed part of the MontiArcAutomaton
architecture description language. There, a rules language is manuallyntegrated
into MontiArcAutomaton to describe component behavior statelessly.

Concepts for modeling language integration of MontiArcAutomaton are based on
the language workbench MontiCore and are introduced in [LNPR 13] and ex-
plained in greater detail in [HLMSN™* 15].

First results on multi-platform generative software engineering wth MontiArc-
Automaton are presented in [RRRW14]. The notion of code libraries and inteface
components are extensively revised.

Preliminary results on code generator compaosition are reported in [RRV4b]. The
presented generator kinds and their interfaces have been modi edbr this thesis.

Integration of handcrafted GPL artifacts into generative development is examined
in [GHK * 15].

The tailoring required to con gure a MontiArcAutomaton application is int roduced
in [RRW15b, RRW15a].

Translating platform-independent to platform-speci c architect ures is sketched
in [RRW15c].

An intermediate version of the MontiArcAutomaton software architecture em-
ployed in the iserveU research project presented in the caseslies is discussed
in [HLMSN * 15].

An example for language integration and generator compaosition with MontiArc-
Automaton is presented in [RRRW15]



Chapter 2

Preliminaries for Architecture Modeling

The scienti c man does not aim at an immediate result. He does
not expect that his advanced ideas will be readily taken up.i$
work is like that of the planter - for the future. His duty is to lay

the foundation for those who are to come, and point the way.

Nikola Tesla

The work presented in this thesis builds upon foundations laid by otler researchers.
Its prime foundations are in model-driven engineering, software langage engineering,
and architecture description languages. This chapter presents thesfoundations. First,
it introduces foundations in model-based software engineering andefated concepts. Af-
terwards, it describes the language workbench MontiCore [KRV08b, KralO] andthe
architecture development framework MontiArc [HRR12], which MontiArcAu tomaton re-
lies upon. Subsequent chapters describe contributions based ondke and will elucidate
details where necessary.

2.1 Model-Based Software Engineering

Within the last decades, amount and importance of software and software-bad systems
have increased signi cantly and with this, their complexity has increased as well [FRO7]:
current state-of-the-art systems are multi-platform? distributed heterogeneous systems,
which often include physical parts. This increasing complexity ofmodern software re-
quires methods, concepts, tools, and infrastructures to develogoftware systems more
e ciently.

A signi cant reason for the complexity of modern software systems liesn the \wide
conceptual gap" [FRO7] between the problem domains or business domains aride so-
lution domain software engineering. Overcoming this gap with handcrafte solutions
requires tremendous e ort and gives rise to so-called accidental comgxities [FRO7], i.e.,
problems of the solution domain, such as programming language peculiaritiemetwork-
ing communication issues, persistence, deployment, which areoh conceptually relevant
in the problem domain. These accidental complexities, however,ncrease software de-
velopment risks and need to be reduced.

1In this context, \platform" refers to computers that can execute GPL programs a nd describes the
hardware and software necessary to provide certain functionality.
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Model-based software engineering (MBSE) is an umbrella term for stiare develop-
ment methodologies which employ domain-speci ¢ models to reducthe conceptual gap
and with it the accidental complexities. Therefore, MBSE utilizes models as development
artifacts in various stages of a software development process, rangingofm requirements
modeling to implementation to deployment. Computer science, lowever, does not have a
common notion of a\model"[Sei03, Kel05], which is re ected in the numerous de nitions
produced:

\A model is a simpli cation of a system built with an intended goal in mi nd. The
model should be able to answer questions in place of the actual systehjBGO01]

\A model is a set of statements about some system under study." [Sei03]

\A model is an abstraction of a (real or language based) system allowing predtions
or inferences to be made." [KIh06]

Similar de nitions are proposed in [HBB™* 94, BD99, Bal00] where most de ne a model
as a simpli ed abstraction of a system, which can replace the systemof certain form of
use. Some of these de nitions leave only little more room for interpetation regarding
what is modeled. We thus follow [Sta73], in which a model is charactézed by three fea-
tures. While the de nition is available in German only, it can be tran slated as presented
in [MFBC12]:

\A model needs to possess the following three features:
Mapping feature: A model is based on an original.

Reduction feature: A model only re ects a (relevant) selection of anoriginal's
properties.

Pragmatic feature: A model needs to be usable in place of an original withaspect
to some purpose.”

We also distinguish between \model-based" and \model-driven" appoaches as pro-
posed by [BCW12] and [Sch12], where \model-based" characterizes approaeh employ-
ing models for documentation, requirements engineering [HPB11], ahsystem design,
and \model-driven" [VSB * 13] characterizes approaches where models are the primary
development artifacts used for automated analysis and synthesis (cf.Sel03, Sel06]).
Model-driven architecture (MDA) [OMGO03, PMO06] can be considered a sgcialization
of MDE with focus on the Uni ed Modeling Language (UML) [OMG10] standardiza-
tion e orts proposed by the Object Management Group. A key idea of MDA, driven
by the rationale that business concepts outlive their technical reakations, is the separa-
tion of platform-independent (but domain-speci c) business modés and their subsequent
application to speci c platforms. Model-driven architecture the refore divides an applica-
tion into di erent layers representing the application's comput ation independent model
(CIM), platform-independent model (PIM), platform-speci c mo del (PSM), and GPL
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code. In these terms, we propose a pervasive approach to MDE with C&@rchitectures
that employs software architectures on the PIM layer, application madels on the PSM
layer, and produces GPL code automatically.

Describing models requires corresponding notations, which can ka the form of\meta
models” [Ke05, SRVK10] or grammars [GKR' 08] to describe corresponding modeling
languages. As modeling aims to increase abstraction, many successful dipptions of
MDE [WWM * 07, Rai05, KRO5, Sta06, HRW11, EvdSV 13, WHR14, BCOR15] have
been in the context of software engineering for certain domains, such aaviation or au-
tomotive. Therefore, the term domain-speci ¢ language (DSL) has become @pular for
such languages. Popular DSLs are, for example, HTML [HTM] (structured doaments),
Matlab Simulink [Sim] (control systems engineering algorithms), SQ [DD96] (database
management), or Verilog [TM02] (hardware description of electronic systms). Employ-
ing DSLs promises bene ts regarding productivity, quality, valid ation and veri cation
as they may provide a platform-independent \thinking and communication tool" [V ©11]
with minimal overhead. As for the term \model", computer science has produced a
number of de nitions for DSLs, such as:

\A domain-speci ¢ language is a programming or executable speci cation langage
that o ers, through appropriate notations and abstractions, expressive paver fo-
cused on, and usually restricted to, a particular problem domain." [vDKV00]

\By focusing on a problem domain's idioms and jargon, DSLs avoid the \notational
noise" [Wil01] required when using overly general constructs of a geal-purpose
language to express the same thing. Moreover, DSLs are not necessarilyopr
gramming languages: they are languages tailored to express something abouteth
solution to a problem."” [Wil01]

A\DSL is a language designed to be useful for a limited set of tasks, in cdrast to
general-purpose languages that are supposed to be useful for much more geéne
tasks, crossing multiple application domains." [JBO6]

We consequently do not distinguish between \technical DSLs" and \appication do-
main DSLs" [VBD * 13], distinguish between modeling languages and general-purpose
programming languages. The latter are characterized by imposing \notational mise
by using overly general constructs” [WilO1], which results in the accidental complexi-
ties we aim to avoid. There is, however, a certain consensus regardj the components
of a modeling language, which, following [HRO4b], are aoncrete syntax describing
models graphically or textually, an abstract syntax describing the language's \structural
essence" [Kral0], well-formedness rules restricting the valid odels, and the language's
dynamic semantics.

Model-driven engineering yields many bene ts ranging from abstration from acciden-
tal complexities to providing comprehensible means to communicabn and documenta-
tion to a formality allowing translation of models into executable sysems [VSB* 13,
WHR14]. Avoiding the accidental complexities of the manual translation of madels into
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executable systems requires tools that translate such models iotGPL artifacts auto-
matically while employing codi ed software engineering expertse.

Tools for generative software engineering [E£z07, RSVW10] either empjomodel-to-
model (M2M) transformations or model-to-text (M2T) transformations to t ranslate
models into GPL artifacts [CHO3, EvdSV* 13]. Model-to-model transformations trans-
late models of the input modeling language into models of the output mdeling language
(usually based on their abstract syntax). The transformed models' syptax afterwards
looks exactly like target language code and, after printing it to plain text, can simply
be processed by tooling of the target GPL. While M2M transformations yidd various
bene ts, for instance well-formedness checking of properties othe generated GPL code
via checking properties of the target language's model might requiredss e ort than an-
alyzing target language artifacts, engineering and maintaining various targelanguages
requires considerable e ort. Furthermore, M2M transformations require transformation
languages [JAB 06, HHRW15], which usually are little domain-speci c and hence im-
pose similar e orts to learning a GPL.

Model-to-text transformations process models of the input language tgproduce text
representing source code of the target GPL. This process does notqeire a representa-
tion of the target language and such transformations usually are implemente@mploying
template languages [CHO03, TRMS09]. Usually, these languages allow generator déve
opers to produce templates closely resembling the intended targdanguage artifacts.
Thus, M2T facilitates generator development but complicates checkig properties of the
generated result. Regardless of the nature of performed transformationswve refer to
such tools as code generators in this thesis. This conforms the IEE&'de nition of a
\code generator", which, according to [COEEB90], is as follows:

Denition 1  (Code Generator). (1) A routine, often part of a compiler, that transforms
a computer program from some intermediate level of represdation (often the output of a
root compiler or parser) into a form that is closer to the language of the machine on which
the program will execute. (2) A software tool that accepts aiput the requirements or
design for a computer program and produces source code thamplements the requirements
or design.

For the scope of this thesis we consider code generators as software totiat trans-
form models conforming to a modeling language into GPL artifacts. Regartkss of the
generated artifacts, we use the terms \generator" and \code generator” inerchangeably
throughout this thesis.

Using modeling languages to automatically generate executable systemequires ap-
propriate tool support for language engineering and generator development.Monti-
Core [KRVO08b, KralQ] is a language workbench [EvdSV13] for the development of
modular modeling languages and we employ it to engineer the modelingnguages pre-
sented throughout this thesis. The MontiArcAutomaton ADL architecture description
language presented builds upon the C&C ADL MontiArc [HRR12] which is devdoped
with MontiCore as well. The subsequent sections present both and tl following chapters
will particularize where necessary.

10
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2.2 The MontiCore Language Workbench

The MontiCore [GKR " 06, GKR* 08, KRV08b, KRV08a, KRV10] language workbench
comprises a modeling language and a toolchain for the e cient and modulardevel-
opment [KRV08a] of modeling languages [RSVW11]. MontiCore employs contextrée
grammars (CFGs) for integrated de nition of abstract and concrete syntax [KRVOQ7,
KRV10] of modeling languages. The grammars describe which models are pdipally
possible and well-formedness rules restrict these. The residig languages are augmented
with language con guration les that describe additional language properties (regarding
language composition and tooling).

From these CFGs, MontiCore generates model processing infrastrtiere to parse tex-
tual models [GKR™ 07] into abstract syntax trees (ASTs) [Kral0, Vell]. The ASTs store
the content of models, such as their elements and their relations.

1 grammar ARC {

2 Component = "comp” Name "{" (Port | Connector | Body) * M
3 Port = "port" Type Name? ";";

4 Connector = "connect" src:Name "to" tgt:Name ";";

s external Body;

6

}

Listing 2.1: MontiCore grammar of the ARClanguage to de ne software components
with ports and connectors.

Listing 2.1 displays the grammar for a simpli ed software component moatling lan-
guage. A grammar begins with the MontiCore keyword \grammar" followed by its
name and comprises EBNF-like productions. The displayed grammar begs with the
grammar-level keyword grammar, has the nameARC(l. 1) and contains four produc-
tions: Component (I. 2) models the structure of software componentsPort (l. 3) de nes
a typed, named connection point between componentsConnector (l. 4) describes a
connection between components; and thexternal  production Behavior (l. 5) serves
as grammar extension point and must be implemented by MontiCore language cogu-
ration les.

Everything enclosed in quotation marks is considered a model-leVekeyword (such
as "comp” in I. 2) and is part of the concrete syntax of this language. Everything
else is part of both concrete and abstract syntax. The productionComponent starts
with the keyword component , followed by a name, and a body in curly brackets. The
body can consist arbitrary many instance of Port , Connector , Behavior (denoted
by the disjunction operator \ | " in combination with the star operator\ *="). A Port
element begins with the model-level keywordport and is followed by a type and an
optional (denoted by\?") name. Please note that both productionsType and Nameare
provided by MontiCore. A Connector consists of the model-level keywordconnect ,
followed by a name, the model-level keywordo and another name. To distinguish both
properties of type Name they are assigned namesrc and tgt , respectively. Whenever

11



Chapter 2 Preliminaries for Architecture Modeling

Figure 2.1: The AST node classes resulting from théARCgrammar (cf. Listing 2.1).

this is omitted, such as for the component property of type Name (I. 2), its name is
derived from the type, i.e., the property name of Nameis derived asname. The external
production Behavior has no de nition itself. A detailed explanation of the MontiCore
grammar language is presented in [KralO].

For each grammar, MontiCore generates model processing infrastructe; such as
parser and lexer [Wir96, ALSUO06, Kral0] to create and instantiate the AST node chsses.
In case of theARCgrammar, this comprises the four classes depicted in Figure 2.1, which
represent the respective AST node types. For each production of th grammar, Mon-
tiCore creates a class of the production's name with pre XxAST. Similarly, MontiCore
produces a parser for each production of the grammar. It also translatesdts into one-
to-many relations, alternatives into multiple elds, and various lit erals (such asName
into primitives). Thus, MontiCore translates the production component into the class
ASTComponent, which has aString property name and three one-to-many relations -
one for each alternative. Similarly, it translates the productions Port and Connector
External productions are translated into interfaces. Given a modé corresponding to the
ARCgrammar, the MontiCore parser instantiates the AST node classes to storenodel
properties. The resulting AST instances are basis for subsequent ouel processing.

Checking properties not expressible with context-free grammarsfor instance whether
a component contains two ports of the same name, requires additional meahisms.
For such well-formedness checks, MontiCore comprises a compositiancontext con-
dition framework [V ®11]. Context conditions are well-formedness rules formulated in
Java to check model properties. MontiCore distinguishes intrainguage context con-
ditions from inter-language context-conditions. The former check progerties of mod-
els of a single language, the latter check model properties across languagebonti-
Core further comprises a model-to-text (M2T) code generation framewrk [Sch12] to
transform ASTs into arbitrary target representations. The actual transformation is
described in form of FreeMarker [Fre, TRMS09] templates with additional data man-
agement structures [Sch12, RRW13b]. MontiCore also supports compositial language
integration [HR13] in form of language extension, language embedding, and language
aggregation [LNPR* 13, HLMSN* 15].

12
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Figure 2.2: Important components and artifacts of the MontiCore toolchain.

Figure 2.2 illustrates parts of the MontiCore toolchain relevant to thi s thesis and relates
produced and required artifacts. Given the context-free grammar of danguage, the Mon-
tiCore generator creates the model processing infrastructure (abteviated to \Parser")
to translate conforming textual models into an AST. The language develope also de-
velops intra-language context conditions and inter-language context condibns [Sch12].
Intra-language context conditions check properties of models of a singl&anguage. In
case models of the language under development are related to models of ethlan-
guages, inter-language context conditions check related models, whicire considered an
important source for errors [TVT * 13]. MontiCore also generates a framework to cre-
ate and manage a language'symbol table entries These entries encapsulate a model's
essence without the technical necessities of the AST and are stored so-calledsymbol
tables[Veo11, LNPR" 13, HLMSN™ 15], which take care of creating and resolving entries.
Context conditions may rely on AST and symbol table. The FreeMarker-bagd code gen-
eration framework of MontiCore [Sch12] comprises templates and templatedipers. The
former describe production of target language artifacts and the latter peform complex
calculations. Templates only rely on the AST, but may invoke template helpers which
can access AST and symbol table. Both, the model processing frameworksd the code
generation framework of MontiCore are controlled by so-calleddSLTools [Kral0, Vell]
that con gure and execute model processing.

The activities from a textual model to an AST to the symbol table and their entries re-
quired for model well-formedness checking are depicted in Figer2.3, where each activity
corresponds to one or more work ows (depending on the processed languggeWork-
ows in MontiCore 3.1.1 are visitors [GHJV95] that are registered with a certain name

13
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(s

Figure 2.3: A typical MontiCore execution consists of multiple activiti es to parse models
into an AST representation, create their symbol tables, check theirwell-
formedness, and ultimately generate artifacts.

and process certain models. For each language, MontiCore generates workvs to parse
models and to prepare their symbol table entries. At start, MontiCore is con gured with
the work ows to execute by passing their names to it. At rst, Mont iCore uses the parser
generated from the language's grammar to parse the input models. If theisyntax con-
forms to the grammar, their AST instances are created next. Otherwisemodel process-
ing is aborted. After creating the AST instances, optional language-spea work ows
create symbol tabledata structures that store improved representations of the parsed
models based on their ASTs. Afterwards, MontiCore checks optional welformedness
rules using the ASTs and, if available, the symbol table. If succedsl, toolchain-speci c
generators may produce (GPL) artifacts. Otherwise, model processg aborts.

2.2.1 Symbol Table Framework

Symbol tables enable compositional language engineering by providing aath structure

to store, manage, and retrieve entries of models. Entries encapsulatthe \interface"

of models in terms of important names and information relevant to their use (such
as types and signatures). Entries are free from the technical detail®f the AST and,

hence, provide a greater composition stability regarding grammar (and ASY) changes.
Thus, they serve as interfaces between interacting models of derent languages and
their combination is independent from the languages' actual AST's. Intra-language
well-formedness checks utilize symbol tables to reason over theel-formedness of inte-
grated models and changing the language aggregation thus requires proper adapia

only [Vell, LNPR" 13, HLMSN™ 15].

14
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Figure 2.4:. Example symbol table entries for theARClanguage.

Each symbol of a symbol table has a name and is of a certaikind. Further proper-
ties are optional. For the ARCgrammar, the symbol table entries could be as depicted
in Figure 2.4. The classComponentEntry encapsulates all information on components
required for further processing. This includes a static symboKIND, a name, connectors,
and an arbitrary number of ports. The latter are represented by classPortEntry
which has a di erent KIND, and membersname and type . Every symbol table provides
additional infrastructure not depicted here, such as an entry creatorand entry-specic
quali ers, resolvers, and deserializers. The entry creator procgses AST nodes and pro-
duces symbol table entries of speci ¢ kinds from these. These eriés are persisted by
MontiCore. Whenever a name, for instance of a port type, is looked up, rst the quali er
translates the port type's unquali ed name (e.g., Number) into a quali ed name (e.g.,
types.Number ) based on the processed model's import statements. Afterwards, th
resolver uses this name and the kind of the symbol table entry to look p (e.g., PORT.
The resolver looks up this combination of name and kind in all relevant nanespaces
and can invoke the deserializer to load matching persisted entriesThe implementation
of related artifacts, namespace construction, and resolving strategieare explained in
di erent degrees of detail in [Ve11l, LNPR" 13, HLMSN* 15].

After creating the symbol tables and, with their help, validating th e well-formedness of
models, they are considered correct. Such models can be used by Mi@ore's code gen-
eration framework, which comprises templates and template helpersgch12] to transform
models into target language artifacts. The whole process is invoked and ohestrated by
a language-speci ¢ DSLtool [Ww11] (cf. Figure 2.2) that serves as interface to language
users and orchestrates model processing.

The following subsections present the language integration mechanissnand the code
generation framework of MontiCore in greater detail. Afterwards, we highlight related
language workbenches.

2.2.2 Language Integration Mechanisms

E ective MDE of complex software systems requires appropriate desiptions of di erent
system aspects. To this e ect, e cient integration of modeling lan guages for these
aspects is essential. Integration of modeling languages is tedious andguéres profound
knowledge on multiple levels. Traditional approaches to modeling laguage integration
require language engineers to compose languages to monolithic aggregates, \Wwhare
hardly adaptable and reusable in di erent contexts.

15
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MontiCore languages can be developed independently, are syntacticallpomposable,
and ultimately reusable. The enabling concepts are language aggregation, langge
embedding, and language inheritance [KRV10, LNPR 13, HLMSN* 15], which support
generalizable, systematic, syntax-oriented language composition. Withthese, Monti-
Core supports the language integration mechanisms as distinguished in {ER12]. Dif-
ferences arising from the notion of language embedding identi ed in [BER12] (based
on [Hud98]) and the notion of language embedding in MontiCore [W11] are discussed
in [HLMSN * 15].

Language aggregation denotes the combination of multiple independent languageastd
a collection (calledlanguage family), which enables formulating models for di erent sys-
tem aspects in separate artifacts that can be interpreted together. Tls, for instance,
is essential when using a domain model formulated in a type de niton language (such
as UML/P class diagrams [Rum11]) with di erent behavior or structure mod eling lan-
guages. The type of aARCport, for instance, could refer to a class diagram type. Lan-
guage families describe a loose coupling where participating languagescreference each
other's elements by hame via their symbol tables. Conceptually, tie symbol table entries
describe the essence of AST nodes independent of the AST structiand, thus, invariant
to language evolution. To enable modular language components and ultimately ecou-
ple participating languages the symbol table framework employs adapter§GHJV95]
between entries of di erent languages. For instance, using CD data tpes with Mon-
tiArc requires to provide an adapter from MontiArc type entries to CD type entries,
such that resolving a port type Number of ARCtype returns this adapter.

Language embedding combines languages such that their elements can be dise a
single integrated model. Such embedding is useful where embeidd languages require
di erent levels of expressiveness depending on the target platfon, for example in form
of di erent SQL [DD96] dialects embedded into class diagram domain mode. To this
e ect, embedding languages provide distinguished extension poistwherelanguage frag-
ments from other languages can be embedded (such as the external production dfi¢
ARCgrammar illustrated in Listing 2.1). This is realized by mapping productions of other
languages to these extension points. Integration is de ned in language comguration les
(cf. [KralO, Vell]), omitting a tight coupling between the languages' grammars.

Language inheritance enables extending, re ning, or even restrictingexisting lan-
guages. To this end, MontiCore allows de nition of new modeling languagedased
on existing modeling languages by altering, reusing, and overriding lteir grammars'
productions. Inheritance is especially useful for extending esting languages with new
concepts - for instance to engineer restricted versions of compleamguages for speci ¢
domains (i.e., to add replicating components for load balancing in cloudsased variants
of ARC[NPR13]). Language inheritance thus requires both inheriting and inheited
language to be conceptually similar.

Figure 2.5 illustrates the technical realization of (a) language aggregation, (planguage
embedding, and (c) language inheritance on grammar and parser level. Each lgnage's
CFG is accompanied by a language con guration le that describes additional nguage
properties. For instance, such models describe which produains of the embedded lan-
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guage are mapped to the embedding language's extension points (cf. thexternal
production Body of Listing 2.1). For language aggregation, the language con guration
les (L1, L2) reference each language's own grammai3l, G2) only. From this, Mon-
tiCore generates the independent parser® 1 and P2. The languages' symbol tablesS1
and S2 rely on these parsers to produce symbol table entries used for iifbrmedness
checking. The language family combining both languages contains not only thesymbol
tables, but also adapters between symbols and inter-language context cditions. The
language families'DSLTool class relies its symbol table to process the individual lan-
guages' models and to interpret these together. For language embeddinghe grammar
of the embedding language must provide extension points in form of exteal produc-
tions. The language con guration le L2 of the embedding language de nes how these
are implemented. To this e ect, it maps productions from the embedded language's
grammar G1 to external productions of the embedding language's grammars2. The
resulting combined parserP 2 delegates parsing of embedded productions to the embed-
ded P 1 where applicable. Each language maintains its own symbol table and the sybol
table of the embedding language may reference symbols table entries tife embedded
language. The embedding language®SLTool class uses the symbol tabl&2 only. Lan-
guage con guration les are unaware of language inheritance. Here, the grammaf2
inherits from the grammar G1. MontiCore generates parsers for both and the language
family DSLTool uses the parser generated for the inheriting languag# 2 which usesP 1
whenever a production of the inherited language is processed. Bottahguages provide
their own symbol tables, although the inheriting language's symbol tabe S2 may extend
the inherited language's symbol tableS1. MontiCore processes language embedding and
language inheritance similarly, however, embedding enables use oflscted productions
from the embedded language only while extension enables use of all proctions of the
inherited language.

The language integration mechanisms of MontiCore a ect the resulting AST rodes
di erently: for language aggregation, the languages' ASTs are not a ected at all as tre
languages are integrated on symbol table level only. For language embedding, é¢hinte-
grated language's AST has subtrees of the embedded language at the externalqotuction
extension points. For language inheritance, the AST contains individualnodes of the
extended language. Only the latter enables to arbitrary mix nodes of badt languages.

Figure 2.6 illustrates the e ects on the ASTs of integrated languages. Languagaggre-
gation (a) integrates independent models of di erent modeling languags into a language
family: rst the models are parsed individually and their ASTs are created, afterwards,
the symbol table framework resolves and manages references betweedépendent ASTs
of such models. Their actual integration, for instance to check interlanguage properties,
is performed via their symbol table entries. The language family's sgnbol table refer-
ences both languages' symbol tables and performs entry adaptation where oessary. For
language aggregation, existing tooling can be reused or easily combined. tasces of em-
bedded languages (b) are de ned in integrated models, from which Montore produces
combined ASTs. Here, subtrees of the embedded language replace extarproductions
of the embedding language. Nevertheless, context conditions for suldes can easily
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Figure 2.5: E ects of the language integration mechanisms on the generated grsers,
symbol tables, and language processing tools.

be reused. In case inter-language context conditions between embeell language and
embedding language are required, the context condition and symbol tablérameworks
enable integration of such. Using language inheritance (c) also yields tiegrated models,
but allows reusing all productions and context conditions of the supe grammar.

2.2.3 Code Generation Framework

The MontiCore code generation framework [Sch12] employs the FreeMarkdFre] Java

template engine to facilitate development of code generators. A Monti©re code gener-
ator consists of a set of FreeMarker templates, which can access the eantly processed
models' AST, and additional data management and computation infrastructure specic

to MontiCore. The latter comprises template operators and template helpers[Sch12,

RRW13b]. Template operators are generic to MontiCore generators and provid data

management and template control methods, such as blackboard-like [AZ05] stage and
persistence, as well as access to AST, template helpers, and sub tglates. Templates

contain FreeMarker expressions, control structures, and target languagelements. Tem-
plate helpers are speci ¢ to individual code generators and encapsale complex calcu-
lations not conveniently expressible with FreeMarker. To this e ect, they have access to
template operators, AST nodes, and the symbol table.
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Figure 2.6: E ects of language aggregation, language embedding, and language inher-
itance on the ASTs of the participating languages: aggregation produces
separate ASTs for each model, embedding produces a single AST with lsu
trees at leaves of the embedding language, and inheritance also prodg a
single AST containing extended nodes of the inheriting language.

Listing 2.2 illustrates part of a MontiCore FreeMarker template usable to translate
ARCmodels into Java classes. The template uses FreeMarker exprémss and the AST
node of the currently processed model part (accessible via varidd ast ) to produce a
class declaration with the AST node's name (I. 1). Herepublic and class are plain
text and will be printed to the resulting artifact as stated. The subsequent FreeMarker
loop <#foreach>...</#foreach> (Il. 2-10) iterates over the ports of the current AST
node (l. 2) and utilizes methods of their AST nodes to print correspnding Java members
to the generated artifact (Il. 3-8). As the name of ports is optional (cf. Listing 2.1,
I. 3), the template uses the FreeMarker conditional<#if>...</#if> to determine the
port's name and assigns it to the template variablename (Il. 4,6). In case the name
was omitted (I. 6), name holds the port's type name starting with a lower-case letter
(via the FreeMarker built-in function lower_case ). Finally, the member is printed
(I. 8) and another template to produce the member'sget() method (. 9) is included.
The transformations of Connector and Body AST nodes (cf. Listing 2.1, I. 5) employ
similar mechanisms and are omitted for clarity.

MontiCore code generation is invoked with a map from AST types to templaes and
will apply the speci ed templates to each instance of the corresponithg AST type. With
this, invoking di erent code generators for (di erent parts of) a mo del and thus gener-
ating code for di erent aspects of the target system requires little e ort.

2.2.4 Related Language Workbenches

A detailed review of di erent language workbenches has been conducteid [EvdSV* 13].
The authors examined the language workbenches Ens [vdSCL14], Mas [Ma]MetaEdit+
[KLR96], MPS [VBD * 13], Onion [EvdSV* 13], Rascal [KvdSV09], Spoofax [KV10], Sug-
arJ [ERKO11], Whole Platform [Sol05], and Xtext [EB10] regarding syntax, validation,
semantics, and editor services. All workbenches support syntactal composition, but
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1 public class ${ast.getName()} {

2 <#tfforeach p in ast.getPorts()>
<#if p.getName()??>
<#assign name = p.getName()>
<#else >
<#assign name = p.getType()?lower_case>
<[#if >
private ${p.getType()} ${name};
s ${op.includeTemplates(getter, p)}
10 </# foreach >

u}

Listing 2.2: FreeMarker template for transformation of ARC(cf. Listing 2.1) models
to Java code.

© N o 0 M w

compositional validation of integrated models, for instance for naming and ype check-
ing, similar to MontiCore is supported by MPS, SugarJ, and Xtext only.

The language design concepts of MontiCore are similar to Xtext [EB10] which alo
employs parser generation from context-free grammars to produce ASTs dPSLs that
can be subject of further processing. Xtext supports language inherénce and language
aggregation similar to MontiCore but does not provide support for language embdding.
Code generation with Xtext is template-based as well and employs the Xénd [Bet13]
language to de ne templates.

The Kermeta [JBF11, JCB* 13] language workbench focuses on meta-language com-
position for the di erent concerns of software systems. To this e ed, the workbench
employs a modeling language based on EMOF [OMGO06] for metamodel de nitin, a
variant of OCL [OMG10] to describe well-formedness rules, and the Kemeta language
to de ne dynamic semantics. In contrast to MontiCore, Kermeta focuses on model in-
terpretation, for which it utilizes dynamic semantics speci ed in the Kermeta language.

The Meta Programming System (MPS) [VS10] employs a parser-less, pjectional,
approach to language engineering. Here, language engineers directly spgdiie AST
and editors for speci ¢ AST nodes. Language users directly manipulate tb model's AST,
which omits the need for parsing. However, the lack of an abstraction suchs the symbol
table, ties language integration to the participating languages' ASTs and here breaks
whenever the AST changes su ciently. Code generation with MPS is ralized with
model-to-model (M2M) transformations, which requires ASTs of the target languages
as well. Furthermore, due to the projectional editing, MPS is tied to the MPS IDE and
cannot be integrated into other development environments easily.

Another language integration approach are \domain-speci ¢ embedded languages"
(DSELSs) [Hud96, vDKVO0O0, Fow1Q] or\internal DSLs", which employ GPLs to design
APIs resembling DSLs [HO10, Ghol10]. While circumventing the need for SL aggre-
gation and enabling reusing existing infrastructure, integration is limited to the host
language's expressiveness and there are no established concepts &mguage embedding
or inheritance yet. Furthermore, DSELs are subject to notational noise[Wil01].
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Attribute grammars [Knu68] are grammars enriched with computation rules, which
can be used to add semantic information to the corresponding AST. Multple inheritance
of attribute grammars is an interesting approach [Merl3] to language integratbn as
well. While research led to further promising results on language itegration, such as
Forwarding [WdMBKO02], and produced apt language workbenches [WBGKO08], wdocus
on syntactic language integration. Further discussions of related language evkbenches
have been conducted earlier and detailed arguments for the developmeof modeling
languages [Kral0], their integration [Vo11], and development of code generators [Sch12]
with MontiCore have been raised accordingly.

2.3 Architecture Description Languages

Engineering complex software systems requires expertise from vaus domains: on one
hand are problem domains with speci ¢ concepts, knowledge, and requements - on the
other hand are solution domain concepts and technologies, such as speci eqgramming
languages, network communication, or data management. Following this dichtomy, suf-
ciently sophisticated software projects would require domain experts to become software
engineering experts or vice versa [BBC07, SSL11]. As this usually is unfeasible, result-
ing software systems are often monolithic and hardly reusable [BS06, MosOS$SL11].

Computer science, and software engineering in particular, have braht forth concepts
of software modularization to alleviate this issue. The level of abstration ranges from
the encapsulation of object-oriented software construction [Sny86] to amponent-based
software engineering (CBSE) [Mcl68], where softwareomponentscan be full- edged ap-
plications, to MDE, where primary development artifacts focus on domain issues instead
of technical issues. Component-based software engineering is a safin® development
paradigm which aims to increase reuse of software by encapsulating futicnality behind
well-de ned, stable interfaces of software components. Such softwarcomponents are,
following [SGMO02], \a unit of composition with contractually speci ed i nterfaces and ex-
plicit context dependencies only. A software component can be depjed independently
and is subject to third-party composition”. The contractually de ne d stable interfaces
enable a distributed development of components by their respecte experts, increase
reuse and ultimately maturity of software components. Isolated softwarecomponents are
insu cient to describe the system aspects required to achieveexecutable systems. They
may, however, serve as building blocks for a system'software architecture. The software
architecture of a system is the set of its principal design decisian [MDTO07, TMDOQ9],
which \involves the description of elements from which systems arebuilt, interactions
among those elements, patterns that guide their composition, and cons#ints on these
patterns" [SG96]. This may include, for instance, the connections btween components,
their behavior and con guration, or their deployment onto target platfor ms. The notion
of component & connector architectures (C&C) [MT00, BS01, TMDQ9] is a popubr ap-
proach to describe the logical decomposition of a system's software ardbcture. Com-
ponents of such architectures perform computations and communicate byxchanging
messages Vvia connectors between ports of their interfaces.
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Many domains have adopted notions of software architectures with GPL or kbmary
components successfully [HKOO, Bru01, BHH02, NTN 04, ASK* 05, LTR05, BBC* 07,
QGC* 09, TRMS09, NFBL10, MAKT11, SSL11, NPR13]. Such components limit ex-
change and reuse to systems that can process the same GPL components dntll the
same software dependencies. Facilitating reuse of components recgs describing com-
ponents and their composition abstract from technological dependenciesThis conforms
to the de nition of software components contributed by [HCO1], where a ®ftware compo-
nent\conforms to a component model and can be independently deploykand composed
without modi cation according to a composition standard”. Such conformance requires
explicating rules for component creation, composition, and deploymet) but ultimately
facilitates reuse. However, neither the de nition of [SGMO02] nor thede nition of [HCO1]
entail that a software component is executable, instead [HCO1] introdues the notion of a
\component model implementation [as] the dedicated set of executablsoftware elements
required to support the execution of components that conform to the malel".

While component models may be expressed in GPLs, this distinatin between compo-
nent models and their implementation helps to understand the coneptual gap between
abstract, high-level models and their GPL implementations full of acidental complexi-
ties. Employing component behavior languages, this gap can be reducedy lwescribing
the intended behavior or the component implementation on model leveas proposed
by [BGM10]. This also enables utilizing MDE methods and tools that enbody software
engineering expertise to produce executable component implemttions.

Component & connector architecture description languages (ADLs) [MT00, MDT07]
are languages to express software architectures in terms of componentspnnectors,
and con gurations. Popular examples for such languages are the architecturanaly-
sis & design language AADL [BFBFRO07, FG12], ACME [GMW97, GMWO0OQ], Arch-
Java [ACNO2], AutoFocus [BHS99], Darwin [MDEK95], EAST-ADL [DSLTO5], Frac-
tal [BCL * 06], Koala [VVKMO00, ASM04], Mechatronic UML [BGT05], MontiArc [HRR12],
UML [OMG10] component diagrams, SysML [FMS11] internal block diagrams, and
XADL [DVdHTO1, NDZRO04].

A recent survey investigating industrial demands on architecturallanguages [MLM" 13],
the authors interviewed 48 software engineering practitioners from 4@ompanies. Thereby,
they identi ed that the most important properties of such are well-d e ned semantics and
support for iterative development, proper tooling, extensibility, versioning, and views.
Similar to [MTO00], the survey nds that ADLs furthermore should be int uitive and
should avoid notional noise [Wil01]. Conforming to [WHR14], the survey alsonds that
abstraction and comprehensibility are more important than code generaton.

MontiArc [HRR12] is a C&C ADL that employs the messaging semantics of Fo-
cus [BS01, BDD 93] as foundational theory and realizes these in form of a MontiCore
modeling language. The work presented in this thesis builds upon MdiArc, wherefore
the next section introduces the language.
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2.4 The MontiArc Architecture Description Language

MontiArc [HRR10, HRR12] is a MontiCore language for intuitive modeling of compre-
hensible C&C software architectures. As such, versioning and modi&li erencing are
available and foundations for language extension are provided. It featurethe core el-
ements of C&C ADLs as identi ed by [MTOQ], i.e., components with interfaces, types,
and semantics, connectors, and architectural con gurations. MontiArc exensions for
variability [HKR * 11], re nement [Rin14], and views [MRR13, MRR14] are available.

With MontiArc, a system's functionality is decomposed into hierarchical components,
which provide interfaces as sets of typed and directed ports. Typ® of ports are either
de ned in terms of UML/P class diagrams [Rum11, Sch12] or in terms of Java/P types.
The latter is a modeling language resembling Java 1.5 [Sch12]. Hence,dhasic data
types of MontiArc are models of the primitive data types of Java 1.5. As the Java/P
and UML/P class diagrams are integrated, complex types can be composed from com-
binations of both. Components encapsulate subsets of the systems fuimnality and
are either composed or atomic. Composed components contain a hierarchicadgology
of subcomponents (theirsubcomponent hierarchy that exchange messages via unidirec-
tional, logical connectors between the typed ports of their interfacesand their behavior
emerges solely from the subcomponents and their interaction. Conneats may connect
one outgoing port to many incoming ports but not vice versa. Atomic componets per-
form calculations via handcrafted GPL behavior implementations integrated via naming
conventions. Furthermore, MontiArc also employs a powerful type gstem featuring
component con guration parameters and generic type parameters. The latte can char-
acterize port types as well. As MontiArc does not provide languages to desibe the
input-output behavior of components explicitly, behavior of atomic components must be
de ned in Java classes related to components by name conventions €., for a component
Robot , MontiArc expects the Java classRobotimpl in the same package). As such,
similar to other ADLs [MTO0O], its components are tied to a GPL.

MontiArc distinguishes the de nition of component types from their i nstantiation,
which allows reusing component types where desired. Component pes can be subject
to inheritance similar to classes in object-oriented programming laguages: a compo-
nent type extending another inherits the super component type'sports, con guration
parameters, and generic type parameters, but not its behavior. MontiAc also features
a sophisticated type system to describe the types of ports and theirelations. The
type system resembles Java in being object-oriented, suppong inheritance, interfaces,
multi-dimensional types, and generic types. Instead of using the Ja type system, using
its own type system enables adapting MontiArc to other type systemswith little e ort.

Figure 2.7 illustrates the most important modeling elements of MontiArc by example
of a software architecture for a simple robot. The robot comprises of a fromnmounted
ultrasonic sensor to detect obstacles, and two parallel motors to propethe robot. Once
an obstacle is detected, the robot backs up, rotates, and continues to dre forward.

The software architecture consists of components of the typebllitraSonic , Timer
BumpControl , Navigation , Translator , Motor , and MontiArcBumperBot . The
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Figure 2.7: A MontiArc software architecture of a simple robot. The composé compo-
nent MontiArcBumperBot  contains four subcomponents of di erent types
to read sensor data, interpret it, and actuate two motors.

component MontiArcBumperBot  is the top level component of the software architec-
ture and contains subcomponents of the typedJltraSonic , Timer , BumpControl
and Navigation . We denote the top-level component of an architecture asarchitec-
ture root or root when the context is unambiguous. The componentNavigation is
composed again and contains three subcomponentsans , left , and right . It also
yields a generic type parameter that needs to be passed at instantiatn to de ne the
type of its incoming port cmd. In Figure 2.7 the componenttrans is instantiated with
the type argument Direction  for its generic type parameter. This argument passed to
subcomponents of typeNavigation is also passed down to its subcomponertrans ,
which uses it to de ne the type of its incoming port. Furthermore, Navigation  expects
a numerical con guration argument (here instantiated with the value 10) that is passed
down to left and right

Whenever the subcomponent instance name is omitted, as for example thi the
component of type UltraSonic , the name is derived automatically to be the type
name with uncapitalized rst letter (e.g., ultraSonic ). The resulting subcomponent
ultraSonic uses the outgoing portdata to emit Integer messages to subcompo-

nent controller of type BumpControl . The subcomponentcontroller also re-
ceivesBoolean input from subcomponenttimer of type Timer and sends messages to
navigation . The subcomponenttimer is parametrized with the value 5 and starts

intervals of that length whenever triggered. The subcomponentavigation  passes in-
coming Direction messages to its subcomponertrans , which translates these into
messages for two connected subcomponeritsft andright of type Motor . Figure 2.7
does not reveal whether the component typedlitraSonic  , Timer , and BumpControl
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Figure 2.8: The data types Direction , MotorCMD, and TimerCMD as used by the
MontiArcBumperBot  software architecture depicted in Figure 2.7.

are composed or atomic. This is hidden in component interfaces and fadilites modular
and iterative development of architectures.

The data types of the ports BumpControl.nav , BumpControl.cmd , Motor.cmd
and Timer.signal are modeled as UML/P class diagrams (CDs) [Rumll, Sch12].
Figure 2.8 shows the corresponding CD, where the type®irection , MotorCMD,
TimerCMD are implemented as enumeration types. Messages of data tyd®irection
describe the direction the robot should move. MotorCMD messages describe how the
motor is supposed to rotate and are be translated by componenMotor into a format
the underlying software understands. Messages of typ&imerCMD control the com-
ponent Timer and start a countdown of the interval length, the subcomponent was
parametrized with (in this case 5), of twice the interval length, or stop it.

1 package robots;

2

3 import  datatypes. *;

4 import  robots.sensors. *

s import  robots.actuators. *;

6

7 component MontiArcBumperBot {

s component UltraSonic;

9 component Timer(5);

10 component BumpControl controller;

11 component Navigation<Direction>(10);

12

13 connect ultraSonic.data -> controller.dist;
14 connect timer.signal -> controller.alarm;
15 connect controller.nav -> navigation.cmd,;
16 connect controller.cmd -> timer.cmd,;

17 }

Listing 2.3: Textual model of the MontiArcBumperBot  component depicted in
Figure 2.7. The names for the subcomponents of typedlitraSonic
Timer , and Navigation  are derived from their types' names.
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MontiArc models are textual and each model contains at least one componeniype def-
inition. Listing 2.3 presents the textual model for the componentMontiArcBumperBot
as depicted in Figure 2.7. First, the package is declared (I. 1) and the quired data types
(I. 3) and component types (ll. 4-5) are imported. Afterwards, the componet type de ni-
tion begins (ll. 7-17) which starts with the keyword component followed by the compo-
nent's name. A component de nition may contain subcomponent declaratons (Il. 8-11)
and connectors (ll. 13-16). Each subcomponent declaration references a cponent type
and may specify a name and further arguments to describe how the swomponent of the
referenced type should be instantiated. The declaration of subcompant navigation
(I. 11) shows the application of type arguments in angle brackets and con guation ar-
guments in round brackets. This follows the notation of Java and similarlanguages.
Connectors connect one incoming port of either the containing componentle nition
or one of its subcomponents to multiple outgoing ports of the containing comonent
de nition or its subcomponents. Modeling generic type parameters,con guration argu-
ments, and subcomponents with multiple instances is illustratedwith component type
Navigation  as depicted in Listing 2.4.

package robots;

import datatypes. *;

component Navigation<T>[ int maxSpeed] {
port
in T cmd;

© O N o o A~ w N B

component Translator<T> trans;
component Motor(maxSpeed) left, right;

[
» O

connect cmd -> translator.input;
connect translator.a -> left.cmd;
connect translator.b -> right.cmd;

B R e
2w N

15 }

Listing 2.4: Textual model of the component type Navigation as depicted in
Figure 2.7 and Listing 2.3.

The signature (I. 5) of component type Navigation  declares the type parameterT
in angle brackets followed by the con guration parameter maxSpeed of data type int
enclosed in square brackets. The type parametel de nes the type of incoming port
cmd (I. 7) and is passed to its subcomponentrans (I. 9). Similarly, the con gura-
tion parameter maxSpeed is passed down to bothMotor instances de ned by a single
subcomponent declaration (I. 10).

MontiArc employs context conditions to check the well-formednessf models, such as
uniqueness of names, existence of referenced model elementsg amaming conventions.
The language elements and context conditions of MontiArc are available [HRR12]
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Communication of MontiArc components is based on theFocus [BS01, BR07, RR11]
framework. Components send and receive sequences of messages vidioeitional chan-
nels (represented by connectors). A channel transports messages td type in order of
their transmission. Its semantics over time is formalized as an ordexd stream of messages
hm1; my; ms;:::i. While streams preserve the order of messages, no assumptions on the
time lag between two messages can be derivedrocys allows simulating the progress of
time using time slices delimited by tick messages (). For messages contained within
a time slice, only the order of transmission is preserved.Focus provides three dier-
ent timing paradigms: untimed, timed, and time-synchronous untimed streams contain
messages only, timed streams contain an arbitrary but nite number of mesages in each
time slice, and time-synchronous streams contain up to one message pime-slice. The
e ects of di erent time paradigms on MontiArc components are illustrate d in [HRR12].
The code generation and simulation framework of MontiArc generates Java ate for
timed and time-synchronous communication [Mon]. Furthermore, Focus distinguishes
components that produce output immediately from components that prodiuce output
in the next time slice. The former are calledweak-causaland may lead to issues with
component cycles (see [HRR12] for a discussion). The latter are callexfrong-causaland
automatically produce a delay, hence, cycles with at least one strongausal component
are unproblematic.

However, the MontiArc code generation framework is available in Java ont and atomic
components always require GPL behavior implementations. Consequdly, the frame-
work assumes that for each generated implementation of an atomic component aava
behavior implementation following certain naming conventions exiss. This prohibits
usage with platforms that cannot support Java (which, for instance, in robotics is the
majority [Muel3]). Furthermore, this also implies that domain experts, who contribute
components, know Java as well. MontiArc also does not distinguish beteen platform-
independent and platform-speci c components. As this link is estalished for generated
code, the software architecture cannot disclose whether a certainotnponent has an
implementation in the required platform GPL. Replacing the GPL behavior implemen-
tation of a component with another of the same GPL (e.g., to use a di erenttype of
sensor) requires error-prone handcrafting and expertise of coed gerator details. With
MontiArc, the software architecture is the single development modé This prohibits to
explicate properties of the generated implementations, or the architetures usage without
narrowing its applicability further.
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Chapter 3
Scope and Methodology

The game of science is, in principle, without end.
He who decides one day that scienti ¢ statements do

not call for any further test, and that they can be

regarded as nally veri ed, retires from the game.

Karl Popper

E cient model-driven engineering of reusable multi-platform app lications with C&C
software architectures requires modeling languages to express allimcipal" design de-
cisions of such architectures. This does not only comprise structal decisions, such as
component topology, message data types, or architectural con gurations, butalso de-
cisions regarding system behavior, and interaction. The principaly of such decisions
depends on the system goals and thus varies between applications. Hentlee modeling
elements required to describe such decisions vary as well. Thtsn be condensed to: \In
architecture modeling, one size will never t all"[MDTO7].

To achieve acceptance and reuse of an ADL for multiple applications, it mat be
applicable to many challenges. Thus, \extensibility is a key propety of modeling nota-
tions" [MDTO07]. We therefore propose an extensible architecture moeling infrastruc-
ture, which is supported by the powerful language de nition and integration mechanisms
of the MontiCore language workbench and supports extension of its C&C ADL wih ex-
changeable component behavior languages, development of platform-speciimplemen-
tations from platform-independent architecture models, and automata translation of
such models with compositional code generators into artifacts for arbitary platforms.

The following section illustrates the intended usage of MontiArcAutomaton by the ex-
ample of developing a robotics application with a speci c component behvior language
and code generation for two di erent platforms. Afterwards, Section 3.2presents the re-
quirements for e cient development of platform-independent C&C software architectures
with exchangeable component behavior languages. Finally, Section 3.3 de#es the
important parts of the MontiArcAutomaton infrastructure and the correspon ding soft-
ware engineering process including tailoring MontiArcAutomaton to conpany-specic
or application-speci ¢ requirements.

29



Chapter 3 Scope and Methodology

Figure 3.1: The hardware platforms to be used for exploration: a Lego NXT robot run-
ning LeJOS [LeJ] and a Pioneer 3-AT (photo viawww.activrobots.com )
running ROS [QGC™ 09].

3.1 Scenario

Consider a company that is going to produce robots for exploration of unknow areas.
These robots are supposed to drive around the area they are deployedtinuntil they

approach an obstacle, then they should back up, rotate, and start exploringagain. The
company is going to produce two versions of the system to serve di @nt customer
requirements: the rst version should be a ordable and mostly for indoor education
purposes, while the second version should be robust and usable for owtdr all-terrain

exploration. To reduce cost, the company is going to use o -the-shelf Ardware and
software. The educational system is supposed to use Lego NXT robots as defdd on
the left of Figure 3.1. These robots employ two parallel tracks, an ultragnic distance
sensor, a central computing unit (the Lego NXT \brick") with a CPU spee d of 48 MHz,
and 64 KB RAM, which has to support execution of the complete software arcltecture.

Each track is powered by a single motor and all motors and sensors are conneckto the
computation unit. The company chooses the Java LeJOS NXT operating syste [LeJ]
as robot operating system, which provides interfaces to the NXT hardwae in form of a
reduced Java virtual machine with a concise API. For the second systa the company
chooses to use a Pioneer 3-AT four wheel drive robot with 8 front-moured ultrasonic
sensors and an embedded dual core computer with26 GHz and 8 GB RAM. Interfaces
to the robot's hardware can be accessed using the robot operating systeROS [QGC* 09]
with multiple programming languages. As the ROS support for Java is lessnature than

for Python, the company is going to use the Python implementation of ROS.

While both platforms require di erent programming languages to provide the same
functionality, the logical architecture and high-level functionality of both applications
will be mostly identical. To reduce software engineering costs, th company is going to
model the software architecture, which enables reusing the same ehitecture model with

30


www.activrobots.com

3.1 Scenario

both robots. As the behavior of both robots is identical as well, their cerral controller
also is modeled to be reusable.

Now, a software engineer has to develop the common software architecturfer both
platforms. Based on the company's requirements, she decides to ugeC&C ADL to
model the architecture and class diagrams for the architecture's datdaypes. This enables
her to model the structure of the architecture platform-independently and to delegate
development of component behavior for sensors and actuators to respeeti experts. She
therefore decomposes the system's functionality into ve componentypes:

1. A DistanceSensor  component which emits the distance to the next obstacle.
Whether this actually uses ultrasonic, laser, or infrared is left urderspeci ed.

2. Components of typeMotor propel either one of the tracks and or two wheels on
one side of each robot. To this e ect, their implementations must interface the
motor drivers. How these are interfaced is independent of the compome type's
interface and transparent to component users.

3. The Timer component type manages countdowns to support timing operations.

4. The component type ExplorationControl realizes the robots behavior. To de-
scribe it platform-independently, the company's exploration behavior expert uses
a behavior language that can be translated into platforms-speci ¢ GPL inplemen-
tations, such as the company's speci ¢ variant of UML Statecharts [OMG10].

5. The top-level component ExplorerBot , which contains subcomponents of the
other types and their connections.

Figure 3.2 depicts the resulting software architecture. Here, thecentral subcomponent
controller of component type ExplorationControl receives messages from sub-
componentssensor of component type DistanceSensor  and timer of component
type Timer . Based on these messagespntroller calculates the robot's next action
and translates it into messages for componentteft |, right , and timer

The component typesDistanceSensor , Motor , and Timer require platform-speci ¢
implementations to interface the ultrasonic sensors, motors, and opeting system fea-
tures of the underlying platform. Describing their component betavior requires in-
teraction with the corresponding, platform-speci ¢ GPL APIls. Hence, modeling their
behavior with abstract DSLs is bene cial only if these DSLs are designe to interface
these speci ¢ APIs or are general enough to resemble the APIs' GPLs. Théormer DSLs
are hardly reusable, the latter resemble GPLs. In lieu of developingsuch three DSLs
for these component types, a LeJOS API DSL, or a reduced Java DSL to imrface the
required APIs, these components are developed dsterface componentsand integrated
into the software architecture.

Interface components may not describe component behavior in any form ahneed to be
replaced by platform-speci c components of the same interface latem the development
process (at the latest prior to code generation). The componenExplorationControl
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Figure 3.2: The software architecture modelExplorerBot  describes the logical, struc-
tural software architecture of the system under development and useinter-
face components as extension points.

is atomic and its behavior is modeled using a variant of UML Statecharts PMG10].
Thus, the component has no dependencies to the underlying platfon, which allows
generating implementations for { and to reuse it with { di erent targe t platforms. To
enable the company's exploration expert to model component behavior Yo reusing this
language, she integrates it into the ADL without changing it.

Realizing the intended functionality requires the software engireer to develop platform-
speci ¢ components to replaceDistanceSensor , Motor , and Timer for each plat-
form. Therefore, she describes the behavior of these components aplatform-speci ¢
GPL, i.e., Java for the Lego NXT robot components and Python for the Pioneer 3-A
robot components. To describe how generated components and their GPLmiplemen-
tations interact, she also develops two run-time environments (RTEs), one for each
robot. These de ne the interfaces of components, realize message pagsi and inte-
gration of handcrafted component behavior implementations in terms of thke respective
robot's GPL. Given these run-time environments, she develops pldbrm-speci ¢ compo-
nent models and RTE-compatible implementations for each component mdels in the re-
spective GPL. These are the component modelbIXTUIltrasonicSensor  , NXTMotor ,
and JavaTimer for the NXT robot and Py3UltrasonicSensor , Py3Motor , and
Py3Timer for the Pioneer 3-AT robot. The behavior implementations of the compo-
nents NXTUItrasonicSensor and NXTMotor use the LeJOS API to translate sensor
readings into messages, and messages into actuator movement. The implentation of
componentsJavaTimer uses Java API time functions to manage a timer and translates
timer events into messages and vice versa. For the Pioneer 3-AT robot,he compo-
nents Py3Motor and Py3UltrasonicSensor interface with ROS to translate sensor
readings into messages, and messages into actuator movement. The imiplentation
Py3Timer uses Python functions to manage a timer.
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Given the interface components and platform-speci c components reaired for the ap-
plication as well as the run-time environments, the software engineeneeds to provide
two code generators: one to translate components (with integrated Stateharts) to Java
and one to translate such components to Python. As all functions related ¢ the robots'
operating systems are encapsulated into components, the code genesed do not have
to consider LeJOS or ROS, but generate plain GPL representations of comgnents with
Statecharts for the respective languages only. While code generators fdlava compo-
nents and Python components already exist, neither generates code faomponents with
embedded Statecharts. The software engineer thus develops two negode generators
that generate Statechart implementations that conform to the interfaces of the respective
run-time environment. Their integration into the existing code generation framework is
application-speci ¢ and de ned in an application con guration model.

So far, the software engineer can generate GPL-speci ¢ code for both targyplatforms
from the platform-independent software architecture of ExplorerBot  (cf. Figure 3.2).
The resulting code does not interface the platform-speci c compoents developed earlier,
as the architecture does not know that these are to be used. Instead aitegrating these
components manually, which would lead to two new software architectues that have to
be developed, evolved, and maintained separately, she describesee replacements in
models of a concise application con guration language. These de ne how shccompo-
nents should be replaced and which code generators to apply. Based onebe models,
the ADL's model processing framework applies M2M transformations to tanslate the
single platform-independent software architecture into two platform-speci c software ar-
chitectures. For the Lego NXT robot, the transformed software architecture is depicted
in Figure 3.3. Here, the platform-independent, interface component®f subcomponents
sensor , left ,right , andtimer have been replaced with the platform-speci c com-
ponents NXTUIltrasonicSensor  , NXTMotor, and JavaTimer respectively.

From this platform-speci ¢ architecture, executable implementations of the systems
can be generated and deployed. With another application con guration modé specify-
ing the replacement of interface components with ROS-speci ¢ compnents, the software
engineer produces a platform-speci ¢ architecture for the Pionee3-AT robot. Reusing
the same software architecture with other platforms requires mininal e ort: if the new
platform supports a GPL for which proper code generators exist, the sdfvare engineer
needs to develop new platform-speci c components and to de ne corigponding replace-
ments only. If new component behavior languages should be integrated, fanstance to
describe timing functions, sensor data interpretation, or robot mowement, these can be
reused and integrated easily. They only require proper code generatsrfor embedded
models of this language. Finally, a new application con guration model mus be created
and properly con gured.

3.2 Requirements

The software engineering process intended for the development of utii-platform ap-
plications with C&C ADLs and exchangeable component behavior languages impes
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Figure 3.3: The intermediate, platform-speci ¢ architecture of the NXTExplorerBot
exploration robot.

multiple requirements upon supporting infrastructures. These requirements can be sep-
arated into requirements on modeling capabilities (Section 3.2.1) andequirements on
model transformation capabilities (Section 3.2.2).

3.2.1 Modeling Requirements

Obviously, most important constituents of model-driven engineerihg processes are the
employed modeling languages. For the intended process, these arket languages to
model software architectures, their con guration, and the participating infrastructure
constituents. Most of the modeling requirements are derived fromexperience with de-
scribing service robotics applications as illustrated within the $enario.

MRQ-1 Platform-independent architectures: To foster reuse, the infrastructure to
develop reusable software architectures supports modeling of logicgblatform-
independent software architectures.

MRQ-2 Platform-speci ¢ architectures: Executing platform-independent software
architectures ultimately requires their transformation into plat form-specic
representations. While smart code generators could produce such, alysis
of resulting GPL artifacts is complex and depends on the generator's &ns-
lation. Transforming platform-independent architectures into valid platform-
speci c architectures prior to code generation enables such analyse Hence, all
participating modeling languages must support modeling of platform-peci c
architectures as well.

MRQ-3 Pervasive model-driven engineering: It is possible to model complete,
executable applications without requiring handcrafted GPL artifacts.
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MRQ-4 Exchangeable modeling languages: Employing the most-appropriate com-
ponent behavior languages for the application under development is podse.

MRQ-5 Embeddable language fragments: Models usually exist in a well-de ned
context. For instance, they might expect to operate in the context of gecic
data sources. Embedded component behavior models may not need sudifras-
tructure as they exist encapsulated in the context of the embeddig component.
Therefore, it is possible to de ne which language elements are embddd into
the extension points of the ADL, instead of reusing complete languages only

MRQ-6 Non-invasive language integration Reusing input-output modeling lan-
guages to describe component behavior is possible without changing tke.

MRQ-7 Platform-independent data types: Reusing a software architecture model
can be restricted by the referenced data types: a component relgg on a
port data type only available for a certain robot platform or in a certain GPL
limits the options to reuse the surrounding architecture severly. Therefore,
it is possible to describe a software architecture model solely wh platform-
independent data types.

MRQ-8 Platform-independent software architecture reuse: The concepts real-
ized in structure, data types, and control logic of complex applicationscan
often be formulated independently of the actual target platform. Instead of
re-developing the required software architecture and its constiients for each
target platform, it is possible to reuse the complete software architeture with
di erent platforms without (platform-speci ¢) modi cations and wi  th minimal
e ort. In detail, this requires:

MRQ-8.1 Additional parametrization : Platform-speci ¢ components might re-
quire additional con guration information, such as the hardware port a
sensor is connected to. Introducing this information to the base softare
architecture would tie it to speci c platforms. Hence, such information
is de ned besides the platform-independent software architectuee.

MRQ-8.2 Parametrization stability . Platform-independent software architec-
tures can specify arguments of subcomponents. These arguments charac-
terize properties of all derivable platform-speci ¢ software archiectures.
Therefore, platform-speci c arguments may not overwrite arguments of
the platform-independent architecture.

MRQ-8.3 Behavior decomposition . Realizations of platform-speci c compo-
nents might be of arbitrary complexity. Consequently their decompo-
sition is desired.

MRQ-8.4 Architecture validity . The resulting platform-speci ¢ architecture is
a valid MontiArcAutomaton model, hence the platform-speci ¢ behavior
replacements for interface components are compatible to their intdaces.
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MRQ-8.5 Code generator compatibility . Retaining compatibility with exist-
ing code generators [RRW13b], requires architecture integration to b
performed completely prior to code generation and may not rely on gen-
erator speci cs.

MRQ-9 Structural completeness: Usage of partial software architecture structures
(such as omitting components to describe extension points) redusecompre-
hensibility and is a source for errors. Thus, the modeling languagesrphibit
such structural incompleteness.

3.2.2 Model Transformation Requirements

Translating C&C architecture models with exchangeable component bkeavior languages
also raises requirements regarding model transformations. For instate, the languages to
be embedded into components are apriori unknown to code generator delopers. Hence,
there must be mechanisms to support composition of code generators fouch features
after deployment. As we furthermore aim at reusing a single software athitecture with
multiple target platforms, it must be possible to translate that softw are architecture
into representations compatible to these platforms. This section mtroduces the code
generation requirements derived from the scenario and the modelmrequirements.

TRQ-1 Arbitrary GPLs and platforms: Complex application domains, such as
robotics [Muel3], employ various programming languages and platforms. To
support both, code generators for arbitrary GPLs and platforms can be used.

TRQ-2 Integration of handcrafted code: When it is not feasible to describe com-
ponent behavior platform-independently (for instance when componets need
to access operating system functionality), handcrafted GPL code carbe inte-
grated to describe component behavior as well.

TRQ-3 Code generator reuse: Increasing reuse of code generators demands exible
composition of generator modules. Achieving this requires well-dened code
generators and composition mechanisms.

TRQ-3.1 Explicit code generator interfaces: Composing code generators reqaes
formalization of their interfaces in which code generators must expltiate
their expected inputs, constraints and execution information.

TRQ-3.2 Explicit code generator responsibilities: Each code generator is spon-
sible for a well-de ned set of languages and exchangeable without modi-
cations to the other generators.

TRQ-4 Monolithic code generators: There are use cases where monolithic code
generators, tied to a limited set of behavior languages and speci c targeplat-
forms are more useful than compositional generators. Hence, employing cu
code generators is supported as well.

36



3.3 Methodical Guidance

TRQ-5 Code generation for language fragments: As components may embed
fragments of other languages' models (RegMRQ-5), code generators may
generate code for such language fragments as well.

TRQ-6 Non-invasive code generator composition: Composition of code genera-
tors requires no modi cation of the participating generators.

TRQ-7 Light-weight code generators: To avoid re-implementation of common
M2M transformations for di erent code generators, the infrastructure supports
execution of arbitrary M2M transformations prior to code generation.

TRQ-8 E cient code generators: To reduce the number of generated artifacts,
which, for instance, is crucial when using platforms with small menory, code
generators may process component types and produce artifacts repesging
component types instead of individual subcomponents.

3.3 Methodical Guidance

Software development with the MontiArcAutomaton infrastructure reli es on a separa-
tion of concerns between software engineering experts for infrastature extension and
domain experts for application engineering. This separation is re ectd by its engineer-
ing process and constituents. Developing a MontiArcAutomaton applicaton comprises
modeling the system's platform-independent architecture wih components developed
in a variety of behavior languages, adding realizations of platform-specic components,
and generating platform-speci c GPL artifacts. MontiArcAutomaton dier s from es-
tablished C&C software architecture development frameworks in aimng for a exible
extensibility. To this e ect, it allows integration of new component behavior languages
into its ADL, automated translation of platform-independent into platfor m-specic ar-
chitecture, and composition of code generators. While language enginerg, extension,
and code generator development require certain software engineerimxpertise, they need
to be performed at di erent stages of the development process assated with Monti-
ArcAutomaton. Engineering new languages and extending existing languageseed to be
performed prior to modeling. Code generators can be developed parall® the software
architecture model or subsequently and are integrated in a black-bx fashion after de-
ployment. Enabling such a form of software engineering requires caepts, methods, and
an appropriate infrastructure that separates concerns not only logically,but also sequen-
tially over the di erent development activities. To achieve thi s, the MontiArcAutomaton
infrastructure comprises the following elements:

An extensible ADL based on MontiArc [HRR12] that allows to describe strudural
properties of C&C software architectures, such as hierarchical compants with
typed interfaces and their interconnection.

Concepts to distinguish platform-independent components model$érom platform-
speci ¢ component models.
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The UML/P class diagram language [Sch12] for platform-independent data type
description.

An extension mechanism for exchangeable component behavior modelingriguages,
which enable platform-independent description of component behawr.

An integrated, state-based, component behavior language based on the 1/Oau-
tomata paradigm [Rin14].

A model transformation translating platform-independent architectu res with ex-
tension points into platform-speci ¢ architectures with supporti ng library infras-
tructure.

A code generator composition framework to produce executable GPL imgmen-
tations from component models with embedded behavior models.

A mechanism to con gure concrete applications with selected code gemators and
libraries.

Figure 3.4 illustrates these with the corresponding roles followig [KRVO6]. The
guintessential elements of MontiArcAutomaton are its modeling languagesits language
integration framework, and its model transformations. The infrastructure provides two
extension points: its ADL provides an extension point for component b&avior languages
and its code generation framework supports extension with code generaits for di erent
platforms and combinations of behavior languages. This enables reusing batkanguages
and generators, in di erent contexts and applications.

Once the rst extension point is implemented with languages provided by language en-
gineers, application modelerscan develop C&C software architectures with components
embedding these languages. In case the architecture under developnt is supposed to be
platform-independent, the architecture imports interface componentsfrom interface li-
braries provided by interface library providers to indicate its extension points. The appli-
cation modeler then describes how these components are replacedhvplatform-speci ¢
implementation library components developed byimplementation library providers. Im-
plementation libraries realize interface libraries. Therefore, hey contain specializations
of interface components and corresponding, platform-speci ¢, handcraéd GPL behavior
implementations, as well as required data types.

The application modeler de nes component replacement inapplication con guration
models which also reference the architecture to process. In case thedrtecture is sup-
posed to be platform-speci c, this is not necessary. Application conguration models
also describe which code generators to apply. To this e ect, they eference compatible
code generators provided bygenerator developers Generator description models de ne
generator properties important to compaosition and execution, such as theun-time envi-
ronment the produced artifacts are compatible to. This is achieved by agreeingn RTE
interfaces for components and their behavior implementations. Hengerun-time envi-
ronment developersmust comprehend details programming of the target platform and
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Figure 3.4: Quintessential MontiArcAutomaton infrastructure components, artifacts,
and relations with responsible roles.

software engineering details as well. Run-time environments can abscontribute solu-
tions for component communication, integration of handcrafted artifacts, ard arbitrary
additional functionality.

The MontiArcAutomaton infrastructure processes con guration models, con gures
its component replacement M2M transformation according to it, and passeshe selected
code generators to its code generator composition framework. The latteranbines the
generators and uses the resulting aggregate to produce generated compohartifacts.
Per agreement on an RTE and its interfaces, the generators produce compents that are
compatible to it. This enables application programmersto develop handcrafted behavior
implementations for atomic components without behavior models (i.e. to interface the
target platform's GPL functionality) without considering the generat ed code. Instead,
the application programmer must comprehend the RTE only.

With these extension points and modules, MontiArcAutomaton enables dscribing
component behavior not conveniently expressible with existing mdeling languages with
more appropriate behavior languages. These languages must be provided kgnguage
engineers and can be stand-alone languages that describe some form of input-output
behavior (such as Statecharts reading from and writing to data sourceés Alternatively,
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Figure 3.5: The three stages to con gure and use MontiArcAutomaton. Each activty
can result in failure (for instance due to modeling an invalid architecture or
composing incompatible code generators). These transitions are omittefor
clarity.

these languages can be designed for embedding into MontiArcAutomaton. Indith cases,
the language integration infrastructure of MontiArcAutomaton minimizes in tegration
e orts. For each additional language, agenerator developerthen has to provide a code
generator to produce executable component implementations accordintp the RTE of
the component generator the new behavior generator should be combined thi

This modularization of MontiArcAutomaton and division of responsibilitie s to roles
addresses the dierent skill sets of engineers: domain experts mpaenact the roles of
application modelers and are liberated from becoming experts in software language en-
gineering, code generator development, or the platform details. The lder expertise
can be provided by implementation library providers, who produce implementation li-
braries that can be reused for multiple applications performing on thesame platform,
and application programmers, who produce application-speci ¢ components.

Developing an application for a new platform from scratch requires the pactment
of the majority of roles de ned above and can be separated into the threestages as
depicted in Figure 3.5: In the rst stage, language engineers extend theMontiArc-
Automaton ADL and integrate required component behavior languages. In the seond
stage, the application modeler develops either a platform-speci ¢ aftware architecture
or a platform-independent software architecture and the related moel. In this stage, the
application modeler also decides whether to reuse an existing aritbcture or to develop
a new architecture from scratch. In the last stage, either a componengenerator for the
speci ¢ language aggregate composed in the rst stage is (re)used or an approjtie code
generator family is composed. Finally, code for the target systems can bgenerated.

As the activities depicted on top of each stage are subsumed by the resgig/e corre-
sponding bottom activities, the following sections describe the oly the bottom activities
of each stage.
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Figure 3.6: Instantiation and con guration of MontiArcAutomaton begins with int egra-
tion component behavior languages.

3.3.1 Extension with Behavior Languages

MontiArcAutomaton combines at least two kinds of languages to model software athi-
tectures: a C&C architecture description language and a data type desiption language.
To enable modeling of platform-independent software components wit behavior, it fur-
ther enables integration of component behavior languages. The con guration aa inte-
gration e orts to integrate new component behavior languages are part of the bkavior
language extension stage of MontiArcAutomaton deployment (cf. Figure 3.6).

The application modeler begins this stage identifying the requirel component behavior
languages. If any languages are missing or are insu cient to the requiremats, the
language engineers need to develop proper component behavior languages oteex
existing languages accordingly. In case the languages to be integrated do ngtld special
integration requirements (such as parts crucial to integration misshg), the application
modeler can model their integration. Otherwise, the language engings can handcraft
integration using the language embedding features of MontiCore.

Chapter 4 presents the integration of component behavior languages by inbducing
the MontiArcAutomaton ADL and its extension mechanisms. Chapter 5 afterwards
describes the state-basedAutomata behavior language and its integration into the
MontiArcAutomaton ADL.

3.3.2 Architecture Modeling

After the language family has been extended with component behavior magling lan-
guages, the actual software architectures can be modeled. For platformpgci ¢ architec-
tures this is straightforward and the application modeler needs to povide the required
components and data types only. For components with modeled behaviorhe applica-
tion modeler also de nes their behavior as well. In case a componentequires a GPL

41



Chapter 3 Scope and Methodology

]

— —

Figure 3.7: The steps involved in modeling a MontiArcAutomaton software architecture
di er depending on the intended platform-independence: if thearchitecture
should be platform-independent, it relies on interface componentsmported
from interface libraries and later replaced with platform-speci ¢ components
from implementation libraries.

behavior implementation, the application programmer implements it accordingly. Af-
terwards, the architecture can be processed by MontiArcAutomaton to @arse it into an
AST representation and perform well-formedness checks.

Reusable, platform-independent software architectures may not ry on behavior pro-
vided in form of GPL artifacts without restricting reuse to compatib le platforms. There-
fore, components with behavior not expressible in modeling languagesre replaced by
interface components(Figure 3.7). These components provide the required interfaces to
describe the structure of the software architecture, but omit belavior implementations,
i.e., they act as architecture extension points. To enable this, tle application modeler
de nes the required interface components as part of interface libraies that are used by
the software architecture model. The corresponding platform-speac components are
modeled as part of platform-speci ¢ implementation libraries and implemented by the
implementation library providers. After selecting implementati on libraries for each tar-
get platform and creating an application con guration model (describing replacement of
interface components and selected code generators), code generatiande started. To
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Figure 3.8: Code generators for MontiArcAutomaton either are monolithic (i.e, they
contain translations for all participating component behavior languages) and
thus, hardly reusable or they are composed from modulacomponent gener-
ators, behavior generators and data type generators

this end, MontiArcAutomaton replaces the interface components of the sdfvare archi-
tecture with corresponding platform-speci ¢ components as de nedin the application
con guration model prior to well-formedness checking and code genation. Chapter 6
describes this stage by introducing the interface libraries, inplementation libraries, and
the M2M transformation realizing the replacement.

3.3.3 Composed Code Synthesis

Producing executable systems automatically requires code generat®ithat can process
the language aggregate of the software architecture model. MontiArcAutomaton eables
using monolithic code generators for speci ¢ language aggregates as well as capsjtion
of modular, reusable, code generators. Composition of modular code geagors for C&C
architectures requires at least three generator kinds for di erentconcerns:
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1. Component generators produce GPL artifacts representing componerstructure,
i.e., ports, variables, messaging infrastructure, and the topologies o€omposed
components.

2. Behavior generators produce GPL artifacts representing models & single compo-
nent behavior language.

3. Data type generators produce GPL artifacts representing data typs.

Accordingly, this stage begins with the application modeler identifying required code
generators suitable for the intended use. If a proper monolithic codegenerator exists,
its usage has to be de ned in theapplication con guration model.

In case compositional code generators are to be used (Figure 3.8), rst a ppercompo-
nent generator has to be selected. If no such generator exists,generator developemeeds
to provide a suitable one. To integrate generated component code witlhandcrafted and
generated behavior code, the component generator relies onran-time environment. If
no suitable RTE for the target platform, its GPL, and required function alities exists, the
run-time environment developer provides one. Afterwards, for each component behavior
language, target platform, and RTE, a suitable behavior generator has to be selected
as well. This may include involving a generator developerto develop proper genera-
tors. Finally, data type generators (e.g., for data types of ports) are reqgired as well.
Again, if no proper data type generator exists, agenerator developerneeds to provide
one for the target platform. After selection of proper code generators, tragformation
in executable systems can be invoked without e ort. Chapter 7 desdbes this stage by
introducing run-time environments, code generator kinds, and a geerator description
modeling language to describe compositional code generators.

Afterwards, Chapter 8 presents the application con guration modeling language, which
enables de ning component replacement and to select generators for a#ware archi-
tecture model.
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Chapter 4

Component & Connector Architectures
with Application-Speci ¢ Behavior

Architecture starts when you carefully put two bricks togdter.
There it begins.

Ludwig Mies van der Rohe

Component & connector architecture description languages enable dev@bers to com-
pose complex systems from component models. These models abstragirh implemen-
tation details of GPLs and provide well-de ned interfaces to hide conmponent behavior
complexity. Most ADLs, however, require component developers to decribe component
behavior in form of GPL artifacts tied to components by convention or exdicit reference.
Thus, although ADLs contribute abstraction to system integration, their usage entails
coping with accidental complexities and notational noise nonethelessThat all intended
target platforms must support the GPL featured by the ADL furthermore hampers reuse
of components with di erent platforms. Enabling component developels to use modeling
languages to describe component behavior facilitates abstraction and ree.

MontiArcAutomaton is an infrastructure that realizes concepts to integr ate (domain-
speci ¢) component behavior languages into a MDE process focused on&C architecture
modeling and model transformation. At its core, the infrastructure contains a C&C ADL
that describes how structural architecture parts can be modeled ad provides and exten-
sion points for exchangeable component behavior languages. This MontiArcAatmaton
ADL inherits from MontiArc [HRR12], extends its symbol table, and intro duces new
well-formedness rules to re ect language integration and related modag elements. As
MontiArc enables modeling of platform-speci ¢ software architectures, inheriting from
it enables MontiArcAutomaton to model such software architectures as wé. This ful-
lIs Req. MRQ-2. Furthermore, this allows modeling data types in terms of UML/P
class diagrams and, hence, also ful lls RegMRQ-7 .

This chapter presents the MontiArcAutomaton ADL. To this e ect, this s ection in-
troduces the extensions of MontiArcAutomaton over MontiArc on the example of the
software architecture ImprovedBumperBot as depicted in Figure 4.1.

The component type ImprovedBumperBot is a variant of the BumperBot robot
(cf. Figure 2.7) that contains the subcomponentsdistance , clock , controller , and
navigation  to provide the same functionality. The componentsDistance , Clock ,
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Figure 4.1: A variant of the BumperBot robot illustrating language elements of Mon-
tiArc and of MontiArcAutomaton.

StateBasedController , and Motor feature modeling elements speci c to Monti-
ArcAutomaton, while the component types Navigation  and Translator feature
MontiArc language elements only. The componentDistance is of interface component
kind, and must be replaced with a platform-speci c realization prior to code genera-
tion. The component Clock employs new component properties to reference its GPL
behavior implementation artifacts, as well as the RTE it expects itsimplementation to
be compatible to. The behavior of componentStateBasedController is de ned in
terms of an embedded component behavior model and de nes two componevariables.

The following Section 4.1 introduces the MontiArcAutomaton ADL with it s modeling
elements, symbol table, context conditions, and post-processing adel transformations.
Section 4.2 describes how to embed component behavior languages intoet MontiArc-
Automaton ADL. Afterwards, Section 4.3 discusses the MontiArcAutomaton ADL and
Section 4.4 discusses related modeling languages.

4.1 MontiArcAutomaton Architecture Description Language

The MontiArcAutomaton ADL enables application modelers to describe softvare ar-
chitectures as the hierarchical composition of components with encapgated behavior
models. This encapsulation allows logically distributed developmet and the composi-
tion of components separate from their behavior implementations. MontArcAutomaton

exploits this encapsulation and allows embedding of behavior languagestd components.
This enables the application modelers to use the most suitable bek&r language per
component. To this e ect, the MontiArcAutomaton ADL adopts the structur al language
elements from MontiArc (cf. Section 2.4) and introduces additional langwage elements.
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Thus, following the language design guidelines of [KKP 09], MontiArcAutomaton ADL
inherits the elegance of MontiArc and remains \as simple as possible, [yEeas rich as
needed" [Gli02] without the overwhelming language complexity of otherADLSs.

This section introduces the new language elements and their concretsyntax via small
examples in Section 4.1.1. The complete grammar of the MontiArcAutomaton ADL is
available in Section A.1 in two versions: One version is meant for doauentation and
prepared for better comprehension by the reader. The other is the wsion processed by
MontiCore. Afterwards, Section 4.1.2 describes the symbol table strature and symbol
table entries of MontiArcAutomaton. Based on these, Section 4.1.4 presestthe context
conditions of MontiArcAutomaton. Subsequently, MontiArcAutomaton perform s two
transformations to facilitate further model processing. Section 4.15 describes these.

4.1.1 Language Elements

The modeling language elements de ned by the MontiArcAutomaton ADL intr oduce
new keywords to the component signature, default parameter values foranponent con-
guration parameters, component variables, platform-speci c componentproperties, and
an extension point for component behavior. As the MontiArcAutomaton ADL extends
MontiArc's grammar, the language elements to model ports, subcomponent eclara-
tions, and connectors that it inherits from MontiArc remain unchanged. Consequently,
MontiArcAutomaton inherits the abstract syntax of MontiArc as well.

Interface Components

MontiArc does not enable to model component interfaces decoupled frontheir inter-
nals (behavior or subcomponents). However, the MontiArcAutomaton infragructure
requires such a notion to describe extension points of platform-indpendent software
architectures. Implementing these extension points dierenly for specic platforms
(cf. Section 3.1) facilitates to reuse a single software architecturavith di erent plat-
forms. MontiArcAutomaton thus introduces interface components Interface compo-
nents may not describe component behavior (neither via compositionnor embedded
models, nor via handcrafted GPL behavior implementations) and mustbe replaced with
platform-speci c components prior to code generation. As they yield omplete interfaces,
their usage retains a valid software architecture. This enables modimg the structure of
platform-independent software architectures completely and to reise these as common
base for subsequent, platform-speci ¢ software architecture as ragred by Req. MRQ-1.
The component type DistanceSensor  depicted in Figure 4.1 and Listing 4.1 is of such
an interface component. In its component type de nition (. 1), this i s indicated by the
keyword interface at the beginning of its signature.

Using interface components in a software architecture requires réacing their types
prior to well-formedness checking and code generation. MontiArcAutoraton supports
replacing their types with component types extending the correponding interface com-
ponent to replaced (Chapter 6).
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1 interface component DistanceSensor { \
o
3 out Integer data;

4}

Listing 4.1: The interface component DistanceSensor

Default Parameter Values

MontiArc components may declare con guration parameters to describe tke information
required for proper component instantiation. Complex component typesmight require
dozens of con guration parameters and instantiation of all parameters is not alvays
necessary. As MontiArc components may yield a single set of mandatory comuration

parameters only, this requires engineering components for each reed parameter com-
bination. The MontiArcAutomaton ADL reduces this e ort by borrowing the notion

of default parameter values[Oli07] from the Python programming language! Default
parameter values enable omitting arguments for component con guration paraneters
that then use the default values instead. To this end, the componentype may specify
default values for each con guration parameter under the following restiction: if any

con guration parameter yields a default value, all subsequent parametes must yield a
default value as well. Otherwise, assigning arguments at component itentiation would

require providing arguments for all parameters without default values and preceding
parameters (even if they yield default values) or becoming non-deteninistic.

package robots;

component Clock[Integer short, Integer long = 10] {
port
in  TimerCMD cmd,
out Boolean signal;

implementation robots.sensors.SecClockimpl;

© © N o O~ w N B

rte java-timesync;

[N
o

u }

Listing 4.2: The component typeClock de nes two con guration parameters short
and long of which the latter has the default value 10.

In Listing 4.2, the component Clock requires two con guration parameters short
and long . The parameter short is mandatory and the parameterlong is optional
with a default value of 10 as indicated by the assignmentiong = 10 following its name.

1The Python 3.0 default parameter value documentation is available at https://docs.python.org/
3/reference/ingound_stmts.html#index-21
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This value is applied whenever a subcomponent instance oflock with only a single
argument is declared. Hence, both subcomponent declarations depicted Listing 4.3
(Il. 2-3) are valid.

1 component DoubleClock {

2 component Clock(1,2) clockO;
3 component Clock(1) clockl;
a .

5 }

Listing 4.3: The composed component DoubleClock  declares two instances
clock0 and clockl of component type Clock . The former applies
two arguments to the parameters ofClock and the latter uses its default
value for the parameterlong .

Component Behavior Implementation Reference

For atomic components with handcrafted GPL behavior implementation, MontiArc ex-

pects the implementation to reside in the same logical packageas the component
type under a name consisting of the components name with su xImpl . As this as-
sumption prohibits directly exchanging component implementationsand hinders reuse,
MontiArcAutomaton introduces the keyword implementation . With this, applica-

tion programmers can develop component types that reference GPL beh#éwr imple-

mentations existing in di erent packages or under di erent names. For instance, the
component type Clock of Listing 4.2 references the GPL behavior implementation
robots.sensors.SecClocklmpl (I. 8) that performs its computations. References
to component implementations are bequeathed to inheriting componets and override
the implicitly expected behavior following MontiArc's naming conventions.

Component Variables

A central feature of MontiArcAutomaton is the integration of component behavior

modeling languages. Experimenting with various languages [RRW13c, RRW13bhas
shown that most languages require some form of variables to store states forep
forming complex calculations. To facilitate development of behavior &anguages for the
MontiArcAutomaton ADL, it introduces variables to components. Variables f ollow the
notions of component con guration parameters and ports, i.e., they are dered by
a type and a name and employ similar well-formedness rules. The conopent type
StateBasedController (Listing 4.4) de nes two component variables min and max,
both of type Integer (ll. 8-9). The variable min is preceded by the keywordvar ,
which is optional. Also, initialization of variables (l. 8) is optional as well. If omitted,

a variable's value is unde ned. The types of MontiArcAutomaton component variables

2|nterpretation of packages with di erent GPLs is within the generator dev elopers' duties.
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rest on MontiArc's type system and may be of arbitrary complexity employing array
dimensions and generic type parameters. Variables are locally visiblin the de ning
component only and can be referenced by its behavior model.

component StateBasedController {

1

2 port

3 in  Integer dist,

4 in  Boolean time,
5 out Direction nav,
6 out TimerCmd cmd;
7

8

9

var Integer min = 0;
Integer max;
10
1 behavior automaton ControllerAutomaton {

12 /I Embedded behavior language model

13}

14}

Listing 4.4: The atomic component StateBasedController contains the two

component variablesmin (I. 8) and max (I. 9) of type Integer

Run-Time Environment Reference

Proper integration of platform-speci ¢ atomic components (i.e., componets tied to a
GPL behavior implementation) requires integration of their model into the software
architecture under development as well as integration of their GPL béavior imple-
mentation into the generated system. The latter requires means to dscribe which
implementations of components, ports, and connectors the component GPlbehavior
implementation is compatible to.

We identify the set of artifacts that represent components and relat& concepts in a
GPL as a run-time environment and platform-speci ¢ MontiArcAutomaton ¢ omponents
may indicate which run-time environment their implementations conform to. Explicating
this is crucial for code generator compaosition to ensure proper integrén of generated
code with handcrafted code. Declaration of the required run-time avironment is part
of the component body (delimited by curly brackets) and begins withthe keyword rte
followed by a name. ComponentClock (Listing 4.2) declares that the required run-time
environment for its implementation is java-timesync (I. 10). References to run-time
environments are bequeathed to inheriting components also.

Component Behavior Model

The MontiArcAutomaton ADL provides an extension point for component behavior lan-
guage models within atomic components. This extension point starts withthe keyword
behavior , followed by an identi er for the behavior's kind, an optional name, and the
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behavior's content in curly brackets. The component type StateBasedController
(Listing 4.4), for instance, contains an automaton model to describe its lehavior. Hence,
its body contains a behavior block (ll. 11-13) that starts with the keyword behavior ,
followed by the identi er automaton , the automaton's nameControllerAutomaton ,
and a block containing the actual automaton model. As multiple behavior nodeling lan-
guages can be embedded, the identi eautomaton is required to distinguish embedded
models and improves parsing (cf. Section 2.2.2). The language engineetntegrating a
behavior language can assign an arbitrary identi er for her languages as long as is
unique. Specifying a behavior model overrides MontiArc's expetation of a GPL behav-
ior artifact of the component's name.

Language Elements of Di erent Component Kinds

With the introduction of interface components and the distinction b etween platform-
independent and platform-speci ¢ components, the MontiArcAutomaton AD L extends
MontiArc's dichotomy of atomic and composed component kinds. Essentiallyinterface
components correspond to component interfaces of other ADLs, i.e., thegre atomic, do
not describe behavior and are intrinsically platform-independent Platform-independent
component kinds can be atomic or composed. They must avoid references GPL
behavior implementations and run-time environments. Platform-speci c components
may actually be platform-independent, but do not guarantee this, herce they may be
atomic or composed, refer to GPL behavior implementations, and run-tine system, but
must avoid the keyword interface . Overall, MontiArcAutomaton introduces two new

component kinds: interface components and atomic components with belvéor models.
Table 4.5 describes the component kinds of MontiArcAutomaton.

4.1.2 Symbol Table

MontiArcAutomaton extends MontiArc with component behavior, component v ariables,
default parameters, interface components, and references to companteimplementa-
tions as well as to run-time environments. To make this information ameable to well-
formedness checking and language integration, the MontiArcAutomaton ADL synibol
table must store this information. To this end, the MontiArcAutomaton ADL extends
the MontiArc symbol table entries for components as depicted in Figure4.2. These
entries encapsulate the essence of C&C structures in form of engs for components,
connector, ports, and related entities.

4.1.3 MontiArcAutomaton Symbol Table

The MontiArcAutomaton ADL inherits its grammar as well as symbol table infras -
tructure from MontiArc. The symbol table entries inherited from Mon tiArc describe
important properties of structural modeling elements as depictedin Figure 4.3.

%In the transitive closure of its subcomponent relation.
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Table 4.5: Component kinds of the MontiArcAutomaton ADL.

Component Required - . Platform
Kind Properties Prohibited Properties Dependence
Behavior models, GPL Platform-speci c
Sub- behavior implementation if it contains a
Composed .
components | references, RTE references, | platform-specic
component variables subcomponent
Atomic with Behavior Subco_mp'onents, GPL. Platform-
; behavior implementation
behavior model | model Independent
references, RTE references
Atomic without | RTE Subcomponents, behavior .
. . Platform-Speci c
behavior model | reference models, component variables
Subcomponents, behavior
Interface Keyword models, component variables, Platform-
. " GPL behavior
component \interface . . Independent
implementation reference,
RTE references

Component entries represent component type de nitions and store rkated informa-
tion. This comprises the component type the represented componertype inherits from
as well as its subcomponents, connectors, ports, inner components,dg parameters, and
con guration parameters. References to the inherited component tyg and to subcom-
ponents are stored in component reference entries that representstantiated component
types, i.e., contain the required con guration arguments and type argunents. Ports are
stored in separate entries as well. Type entries represent MontiAr's data types and
resemble types of UML/P class diagrams [Sch12]. A type has a name and may featu
an array dimensionionality, generic type parameters, and elds. The &tter are eld en-
tries with types again. Fields entries resemble members of UML/P clases and provide
a multitude of quali ers, such as, for instance, visibilities. These types can be adapted
to types of other languages, such as the types of embedded behavior languag® check
the validity of embedded models. Value entries contain a name, theteng representation
of a value, and aTypeEntry

MontiArcAutomaton extends MontiArc's component entry to store additional infor-
mation, introduces variable de nitions to represent variables with their optional initial
values, and behavior entries to represent information about componenbehavior mod-
els. Thus, the MontiArcAutomaton ADL extends the MontiArc symbol table w ith the
entry types MAAComponentEntry and VariableEntry as depicted in Figure 4.3,
where the entry kind of MAAComponentEntry entries is the same as for MontiArc
component entries. MAAComponentEntry entries hold a map from default parameter
names to their values (via quali er defaultParameter ), two strings representing the
references to component implementation and run-time environmenta Boolean ag indi-
cating whether the component type this entry represents is an inerface component, and
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Figure 4.2: An excerpt of the entries of the MontiArc symbol table that represents struc-
tural aspects of C&C software architectures.

an optional* string representing its behavior model's language fragment. Additbnally,
it inherits all members of MontiArc's ComponentEntry . Variable entries extend the
eld entries of MontiArc with a member value of MontiArc's ValueEntry  type, to
store their values.

The MontiArcAutomaton ADL also provides a new work ow to create symbol ta-
ble entries (cf. Figure 2.3). This work ow extends the symbol table creation work-
ow of MontiArc and produces ComponentEntry entries instead of MontiArc compo-
nent entries. In consequence, resolving a component entry by kihand name yields a
MAAComponentEntry instead of aComponentEntry . Following Liskov's substitution
principle [Lis87], instance of MAAComponentEntry can substitute ComponentEntry
instances wherever required and thus the complete well-formedrss checking and the
MontiArc symbol table are reused.

4.1.4 Context Conditions

The modeling elements of the MontiArcAutomaton ADL characterize the parseable mod-
els. MontiArcAutomaton, however, can produce executable systems owl from well-
formed models. The context conditions of the MontiArcAutomaton ADL restrict the
MontiArcAutomaton architectures to well-formed MontiArcAutomaton ADL mod els

4Optionality is represented using java.util.Optional of Java 1.8.
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Figure 4.3: The most important MontiArcAutomaton symbol table entry types w ith
their quintessential features.

(e.g., without references to missing component types). Therefa, after parsing and
creating both AST and symbol table, MontiArcAutomaton checks the well-formedness
of each input model and raises a warning or rejects the model. The MoircAutomaton
ADL models are checked bycontext conditions that are either inherited from MontiArc or
introduced with the MontiArcAutomaton ADL. This section presents four types of con-
text conditions following [RRW14a] as introduced with the MontiArcAut omaton ADL.
The context conditions inherited from MontiArc are presented in [HRR12] and all valid
MontiArc models are MontiArcAutomaton ADL models as well.

Uniqueness Conditions

Unigueness conditions ensure that language elements of a certain type lgnoccur once
per model and that the names of language elements are unique. MontiArc, fanstance,
ensures that the names of con guration parameters, ports, subcomponentre unique per
component type de nition [HRR12]. Ambiguous names produce ambiguous behaor.
Hence, all uniqueness context conditions raise errors that prohibit drther processing.
MontiArcAutomaton inherits the uniqueness conditions of MontiArc presented in Section
3:1 of [HRR12)].

MU1: The name of each component variable is unigue among ports, variables, and
con guration parameters.

All component variables coexist in the namespace of the component togethevith its
ports and con guration parameters. Therefore, their names must be unige. Listing 4.5
shows four errors: The rst two errors arise from de ning a component con guration
parameter and a port of the same namalistance (ll. 1-3). The subsequent two errors
arise from de ning a port and a variable of the same namemin (Il. 4-6).
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1 component Recorder[ int distance] { @ /I Ambiguous name. \
e
3 in int  distance; @ /I Ambiguous name.

4 in int  min; @ // Ambiguous name.

5

e var int min; @ // Ambiguous name.

7}

Listing 4.5: The componentRecorder de nes a con guration parameter (I. 1) and
a port (I. 3) of name distance , as well as port (I. 4) and variable (I. 6)
of namemin. Both are prohibited.

MU2: Each atomic component contains at most one behavior model.

Atomic components may contain a single behavior model at most. If an atomiccom-
ponent contains no behavior model, the MontiArcAutomaton infrastructu re expects a
handcrafted GPL behavior implementation - either following MontiAr c's nhaming con-
ventions or as referenced by its component implementation property.

1 component BehaviorController { \

:

3 behavior statechart CautiousBehavior { @ /I Redundant

4 ... /I behavior model.

s}

6

7 behavior  statechart PressingBehavior { @ // Redundant

8 ... /I behavior model.

o}

10 }

Listing 4.6: The atomic component BehaviorController contains two behavior
models (Il. 3-9).

De ning more than one behavior model in a component is redundant as MoriArc-
Automaton does currently bot support switching between behavior malels. The issued
error resulting from de ning two behavior models in a single atomic component is de-
picted in Listing 4.6. Here, the component type BehaviorController contains the
two behavior models CautiousBehavior (Il. 3-5) and PressingBehavior (II. 7-9).

MU3: Atomic components reference at most one GPL behavior implementati on.

Similarly to de ning multiple behavior models, referencing multiple GPL behavior
implementations is prohibited. Listing 4.7 shows the resulting erors.
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1 component MultiSensor<T> { \
e
3 out T data;

4

5 implementation Ultrasoniclmpl; @ /[ Multiple implementations.

6

7 implementation ColorSensorimpl; @ /| Multiple implementations.

s }

Listing 4.7: MultiSensor references the two component implementations

UltraSoniclmpl (I. 5) and ColorSensorimpl (. 7).

MU4: Atomic components either contain a behavior model or reference a GPL be-
havior implementation.

Atomic components that contain a component behavior model while declang a GPL
behavior implementation introduce an ambiguity as the source of theirbehavior is un-
derspeci ed. Consequently, the MontiArcAutomaton ADL prohibits suc h models. The
reference to a GPL behavior implementation may be implicit. In this case, the name
of the behavior implementation artifact is derived from the components name. This
ensures compatibility with MontiArc [HRR12] models.

MU5: Atomic components reference at most one run-time environment.

Although it is possible that a handcrafted GPL behavior implementation of an atomic
component conforms to more than one run-time environment, working wih multi-
ple run-time environments in the same application is prohibited. Therefore, atomic
MontiArcAutomaton ADL components may reference only a single run-time environ-
ment. Referencing multiple run-time environment produces te error depicted in List-
ing 4.8, where component typeMultiSystemDistanceSensor references the RTE
java-timesync (I. 5) and the RTE python-timed  (I. 6).

component MultiSystemDistanceSensor { \
o

1
2
3 out Integer distance;
4
5
6
7

rte java-timesync; @ // Multiple run-time environments.
rte  python-untimed; @ /[ Multiple run-time environments.
}
Listing 4.8: The component type MultiSystemDistanceSensor references two

run-time environments (ll. 5-6).
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For components with behavior models, the declaration of RTE conformances prohib-
ited. How the component is translated is subject to the processingode generator.

Convention Conditions

Convention conditions check the well-formedness of names. Similaotmost GPLs that
impose certain naming conventions on their constituents (for instane, Java classes should
begin with an upper-case letter), MontiArc and MontiArcAutomaton impose such nam-
ing conventions to improve model comprehensibility as well.

MontiArcAutomaton reuses all convention conditions of MontiArc and adds new mn-
vention conditions regarding variable names and behavior names. The coewtion in-
tegrity conditions that MontiArcAutomaton inherits from MontiArc are pres ented in
Section 3.4 of [HRR12]. Violation of convention conditions produces warnings.

MC1: Variable names begin with a lower-case letter.

Following the conventions for ports and con guration parameters, componehvariable
names should start with a lower-case letter as well. Listing 4.9 illgtrates the resulting
warning for the atomic component HistogramPrinter , which contains a variable
History  of type collections.List<T> . As MontiArcAutomaton expects variables
to start with a lower-case letter, it emits a warning.

1 component HistogramPrinter<T> { \
. pon
3 in T data;

4

5 collections.List<T> History; k. /I Variable names

6 /I start lower-case.

7}

Listing 4.9: The component type HistogramPrinter declares a variable of name

History  (I. 5) which produces a warning regarding its name.

MC2: Behavior model names begin with capital letters.

Component behavior models are considered singleton instances as wellence, the
optional names of component behavior models should start with capital Ielers. The
component behavior model of the atomic componenRobotController , as illustrated
in Listing 4.10, contains a behavior model of typefsm and name controller . 2-
4), which violates this context condition. Consequently, MontiArcAut omaton raises the
depicted warning.
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1 component RobotController { \
2 behavior fsm controller { . /I Behavior names should
3 ... /I begin with capital letters.

4}

s ...

6}

Listing 4.10: The behavior implementation of RobotController (I. 2) violates the

context condition to start its name with an upper-case letter.

Referential Integrity Conditions

Referential integrity context conditions check the well-formedress of references to lan-
guage elements. This includes checking whether subcomponent daations provide
enough type arguments and con guration arguments, whether referenced qrts exist,
and whether referenced elements are of expected types. Violation oéferential integrity
context conditions produces errors. The MontiArcAutomaton ADL inherits all referen-
tial integrity conditions from MontiArc are described in Section 3.3 of [HRR12]. Only
its context condition on subcomponent declaration is relaxed regarding amponent con-
guration parameters with default values (cf. Section 4.1.1).

MR1: Arguments of con guration parameters with default values may be omit ted
during subcomponent declaration.

MontiArcAutomaton introduces default parameter values to component con guration
parameters. Subcomponent declarations thus may omit arguments for paraners with a
default value (Section 4.1.1). Therefore, the context condition R9 of MotiArc [HRR12],
which requires that all con guration parameters of a component type haveto be assigned
during subcomponent declaration, is replaced. Instead, MontiArcAutormaton requires
subcomponent declarations to give arguments for all con guration parameterswith-
out default values only. Nonetheless, a valid MontiArc model, which corectly de nes
possible arguments for all parameters of a subcomponent declaration (evethose with
default values), remains a valid MontiArcAutomaton ADL model. Regarding the com-
ponent type Clock (Listing 4.2), with the mandatory con guration parameter short
and the optional con guration parameter long , the composed componenClockWork
depicted in Listing 4.11 is erroneous: The subcomponent declaration obrange (l. 4)
provides too few arguments. The subcomponent declaration ofed (l. 5) provides too
many arguments.

MR2: No initial values for variables of pure generic types.

Checking the compatibility of initial assignments to component variables of generic
types is impossible without component instantiation information. Consequently, Monti-
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1 component ClockWork { \
2 component Clock(1) green;
3 component Clock(1,2) yellow;

4 component Clock orange; @ /| Too few arguments.

s component Clock(1,2,3) red; @ // Too many arguments.

6 I ..

7}

Listing 4.11: Component ClockWork declares subcomponents of type&lock with
too few arguments (l. 4) and too many arguments (l. 5).

ArcAutomaton prohibits such assignments. Listing 4.12 illustrates the eror resulting
from assigning the value255 to component variable lastReading  of component type
RGBSensor. Please note that this does not prohibit initial values for variables of ©m-
plex types that employ generic types (such assSet<T> ).

component RGBSensor<T> {

port
out T data;

T lastReading = 255; @ /I Assigning to generic type.
...

1
2
3
4
5
6
7

}

Listing 4.12: The component type RGBSensor provides a generic type parameterT
and contains a portdata (I. 3) and variable lastReading of type T
(I. 5). Assigning initial values to lastReading  thus is prohibited.

MR3: No default values for con guration parameters of purely generic types

Arguments for generic type parameters are assigned in subcomponent dachtions.
Component con guration parameters may refer to the component's generidypes. How-
ever, checking the compatibility of a default value assigned to a conguration parame-
ter of generic type is impossible without component instantiation information as well.
Thus, the component type de ning such an assignment cannot be checkiat design time.
Hence, MontiArcAutomaton prohibits such assignments as well.

The component type MaxMotor depicted in Listing 4.13 provides the con guration
parameter max with default value 10 (I. 1). The parameter is of generic type. Hence,
assigning a default value is prohibited.
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1 component MaxMotor<T>[T max = 10] { @ /I Assigning to \
2 port /I generic type.
3 in T command,

a L

5 }

Listing 4.13: The componentMaxMotor uses the generic type parametefl as data
type of its con guration parameter max and assigns a default value of
10 to it.

MR4: All mandatory component con guration parameters precede the param eters
with default values.

Component types may de ne default values for each con guration parameter(Sec-
tion 4.1.1). However, if any con guration parameter de nes a default value, all following
parameters must de ne a default value as well. Otherwise, assigningrguments at com-
ponent instantiation requires more complex argument mapping semantis that might
become confusing or even non-deterministic.

The component type Validator illustrates this issue with three con guration argu-
ments (ll. 1-3): the rst parameter, min has a default value of0, the second parameter
avg has a default value of1, and the third parameter, max, is mandatory. Instantiating
the component asValidator(10) leaves open whetherlO should be mapped tomin,
avg, or max. Similarly, the mapping semantics of Validator(10,20) are confusing.
Consequently, MontiArcAutomaton produces the error depicted.

1 component Validator[ int min = 0, \
2 int avg = 1,
3 int max] { @ // Invalid parameter order.

a L

5 }

Listing 4.14: The componentValidator  de nes two con guration parameters. The
rst two parameters feature a default value but the third does not.

Type Correctness Conditions

Type correctness context conditions check the correct usage and conmation of typed
elements, including components, parameters, ports, and variables-or the type correct-
ness conditions inherited from MontiArc see Section 3.1 of [HRR12]. Theype correct-
ness conditions of MontiArcAutomaton are illustrated below. Their violation generally
produces errors.
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MT1: Interface components prescribe no component behavior.

Interface components describe extension points of platform-indep&lent software ar-
chitectures that need to be replaced with compatible, platform-spgeci ¢ components prior
to code generation. Replacing composed components or atomic componentsthva be-
havior is not desired: replacing composed subcomponents may changeetlsoftware ar-
chitecture dramatically and deviate from its original intentions. Replacing atomic com-
ponents with behavior model replaces behavior intended to be comaon for the derivable
architectures. To this e ect interface components are prohibited to comprise behavior
models or references to GPL behavior implementations.

1 interface component Inverter { @ // Interface component \
port /I with behavior model.
in Integer input,
in Integer output;

behavior  statechart {
..

}

2
3
4
5
6
7
8
9

}

Listing 4.15: The interface componentinverter  contains a behavior model (ll. 6-8).

The interface component Listing 4.15 illustrates the error resulting containing a be-
havior model (Il. 6-8). Similarly, Listing 4.16 illustrates the error resulting from de ning
composed interface components. The componerlocks is declared to be of interface
kind (I. 1) but contains two subcomponents (ll. 2-3), which is prohibited.

1 interface component Clocks { @ // Composed interface N
2 component Clock(1,2) clockO; /I component.
3 component Clock(1) clockl;

a .

5 }

Listing 4.16: The interface component Clocks is composed as it contains two
subcomponents (Il. 2-3), which is prohibited.

MT2: Only platform-speci c, atomic components declare a run-time  environment

Composed components, atomic components with behavior models, and inface com-
ponents are independent of the target GPL. Their translation is solely yp to the employed
code generators. Hence, they do not need to be tied to a run-time emonment. Instead,
this even restricts their applicability without necessity. As M ontiArcAutomaton aims to
increase reuse, this consequently is prohibited as depicted in &ting 4.17.
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Here, the atomic componentAtomicController contains a behavior model (ll. 3-5)
but also declares a run-time environment (I. 6). Thus MontiArcAutomat on raises the
depicted error.

1 component  AtomicController { \
s

behavior  petrinet {
..

N o o M~ w N

}
rte java-timesync; @ /I Components with behavior models
} /I may not declare run-time environments.
Listing 4.17: The component AtomicController is atomic and contains a

behavior model (ll. 3-5), but declares a run-time environment (I. 6).

MT3: Only atomic components may declare component variables.

Component variables describe part of a component's state to support comgment be-
havior modeling. Allowing variables in composed components could be rsused to de-
scribe the shared state of its subcomponents and hence is prohibitedListing 4.18 illus-
trates the resulting error with component type SensorArray , which is composed and
de nes the variable threshold  (I. 5). This consequently produces an error.

component SensorArray {

component Ultrasonic;
component ColorSensor;

int  threshold; @ /| Variable in composed component.
..

}

Listing 4.18: The composed componentSensorArray  erroneously declares a
variable (l. 5).

1
2
3
4
5
6
7

MT4: Interface components only inherit from interface components.

Interface components describe platform-independent extensiongints of the architec-
ture in terms of comprise ports, con guration parameters, and generic type param-
eters only. Platform-speci c components may inherit from interface components to
concretize these. Interface components that inherit from platformspeci ¢ types would
inherit the parent's types platform-specic properties (such as RTE or GPL behav-
ior reference) and thus would be platform-speci c themselves. Threfore, MontiArc-
Automaton prohibits such inheritance. Listing 4.19 illustrates this with two compo-
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nent types NXTUItrasonic (. 1-7) and Sensor (ll. 9-12). The component type

NXTUltrasonic  is concrete in being atomic and referencing a GPL component im-
plementation (I. 5) as well as a run-time environment (I. 6). The interface component
Sensor extends NXTUltrasonic  (Il. 9-10), which produces an error.

component NXTUIltrasonic {

port
out Double distance;

implementation nxt.sensors.Ultrasonic;
rte java-timesync;

—

® N o 0 M W N P

9 interface component Sensor
10 extends NXTUItraSonic { @ /I Interface type extends
u oL /I platform-specific type.

12 }

Listing 4.19: Component NXTUItrasonic (Il. 1-7) references an implementation
(I. 5) and declares a RTE (l. 6), i.e., it is platform-specic, but th e
inheriting component Sensor (Il. 9-12) is an interface component.

MT5: Inheriting platform-speci ¢, atomic components override the ¢ omponent im-
plementation reference of their super types.

Platform-speci ¢ atomic components must override the component impgementation
reference of their parents. It is possible to have two component tyes with the same
GPL behavior implementation (which entails reading from the same ircoming ports,
respecting the same parameters, and writing to the same outgoing porjs However,
this creates multiple component types for the exact same behavior andgs hardly useful.
Consequently, MontiArcAutomaton prohibits this by enforcing inheri ting component
types to override their parents' component implementation refeences. The component
type RegulatedMotor  (Il. 7-10) of Listing 4.20 illustrates this problem: it inherits from
the component type ROSMotor (Il. 1-5) that references a GPL behavior implementation
(I. 4), but does not override this property. Thus, the port maxSpeed (l. 9) introduced
by RegulatedMotor  will not be considered by the GPL behavior implementation of
ROSMotor as the latter is unaware of this port. Consequently, eithermaxSpeed is
super uous or the component will not work as expected.

MT®6: Initial assignments to variables conform to their type.

Initial assignments to variables of concrete types have to conform tole variable's type.
This applies to assigning values as well as to references as depicted.isting 4.21. Here,
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1 component ROSMotor { \
, o
3 in Float speed;
4 implementation nxt.sensors.Ultrasonic;
5 }
6
7 component RegulatedMotor extends ROSMotor { @ // Implementation
s  port /I reference not
9 in  Float maxSpeed; /I overridden.
10
}

Listing 4.20: The componentRegulatedMotor  (ll. 7-10) extends from ROSMotor
(Il. 1-5), but does not override its implementation reference.

the component type Logger contains two variables: bufferSize of type Integer
(I. 2) and logToFile  of type Boolean (l. 3). It initializes the variable bufferSize
with the Boolean value true , which produces an error. Furthermore, it initializes the
variable logToFile  with a reference to the String  con guration parameter prefix
Hence, it produces a second error.

1 component Logger[String prefix] { \
2 Integer bufferSize = true; @ // Incompatible type.
3 Boolean logToFile = prefix; @ // Incompatible type.

a L

5 }

Listing 4.21: The component type Logger de nes two variables with initial values
incompatible to their types (ll. 2-3).

MT7: Default values of parameters conform to their type.

Similar to variable assignments, assigning default values to con guratn parameters
has to respect the parameters' types. The component typéMotor , illustrated in List-
ing 4.22, provides a con guration parametermax (. 1) of type int with default value
"10" of type String . MontiArcAutomaton detects this and raises the depicted error.

1 component [IMotor[ int max="10"] { @ /I Incompatible type. \
. o
3 in int  command,

a L

5 }

Listing 4.22: The component typelMotor de nes the con guration parameter max
of type int with a default value "10" of type String
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O—®

Figure 4.4: MontiArcAutomaton extends the typical MontiCore execution with the two
new activities for both model transformations.

4.1.5 Transformations on the MontiArcAutomaton ADL AST

The AST resulting from parsing a MontiArcAutomaton ADL software architect ure model
is a representation of the processed model's content. As the AST i central data struc-
ture for symbol table creation and code generation, two model transformabns optimize
it for subsequent usage (cf. Figure 4.4). The rst translates subcompoant declarations
with multiple subcomponents into multiple subcomponent declarations with a single
subcomponent each. The latter applies the default parameter values t@ubcomponent
declarations. The MontiArcAutomaton ADL applies all transformations prior to symbol
table creation and context condition checking. Hence, all transformed sdfvare archi-
tectures must pass the context conditions prior to code generation andurther analyses.
This ensures that transformations yield a valid MontiArcAutomaton softwar e architec-
ture. To this e ect, MontiArcAutomaton extends the default activiti es of MontiCore as
depicted in Figure 2.3 with two new activities prior to symbol table creation. This also
yields the bene t that applying the transformations to the AST su ce s and their e ects
do not need to be recreated manually for the model's symbol table entes. Further-
more, performing transformations prior to code generation allows code geerators to be
unaware of any model transformations performed beforehand (cf. ReqTRQ-7).

Subcomponent Instances Uni cation

MontiArc distinguishes between subcomponent declarations and subcoponents. A sub-
component declaration consists of a component type, arguments for its comuration pa-
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rameters, and a list of subcomponent names. This construction allowsealning multiple

subcomponents of the same component type and with the same component argemts
conveniently. Listing 4.23 depicts a subcomponent declaration with wo instances (I. 7).
Here, the composed componenbDoubleAdder takes two numbers via incoming portsa
and b and performs multiple additions using only subcomponents of typeAdder (Il. 7-8)
with the output being emitted via outgoing port c. The subcomponents of typeAdder

are instantiated with arguments for o sets.

component DoubleAdder {

1

2 port

3 in Integer a,
4 in Integer b,
5 out Integer c;
6

7

8

9

component Adder<Integer>(1) first, second;
component Adder<Integer>(2) third,;

10/ first calculates a+b+1

11 connect a -> first.a;

12 connect b -> first b;

13

14/l second calculates a+b+1

15 connect a -> second.a;

16 connect b -> second b;

17

18 /[ third calculates ((a+b+1) + (atb+1l)) + 2
19 connect first.c -> third.aq;

20 connect second.c -> third b;
21

22 connect third.c -> c;

23 }

Listing 4.23: The composed component DoubleAdder declares three
subcomponents in two subcomponent declarations (Il. 7-8).

However, subsequent processing has to consider all subcomponenmisiances of all
subcomponent declarations. This has led to issues with the inherégd MontiArc AST
calculating the actual subcomponent instances lazily. Developers gotanfused by nding
two unnamed subcomponents of typeAdder in the AST but no subcomponent instances
(due to lazy calculation). As the MontiArcAutomaton AST inherits from the M ontiArc
AST, this issue is propagated to MontiArcAutomaton as well. To facilitate development
with MontiArcAutomaton ASTS, the subcomponent instances uni cation tran sformation
iterates over the architecture's AST and replaces each subcomponerdeclaration of
multiple instances with multiple subcomponent declarations of a sngle instance each.
The con guration arguments of subcomponents are preserved and the resuls a valid
MontiArcAutomaton software architecture again.
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Applying the transformation to the software architecture MultiAdder  changes its
AST in-place and results in the architecture depicted in Listing 424, which contains
three subcomponent declarations (ll. 7-9) with a single subcomponentnistead.

1 component MultiAdder { \
e
3 in Integer a,

4 in Integer b,

5 out Integer c;

6

7 component Adder<integer>(1) first;

s component Adder<iInteger>(1) second;

9 component Adder<Integer>(2) third;

10

1 /I Connectors remain unchanged

12 }

Listing 4.24: The transformed MultiAdder component features three

subcomponent declarations with a single subcomponent instance each.

Default Parameter Value Application

MontiArcAutomaton introduces default values to con guration parameters. Respect-
ing these during subcomponent instantiation either requires awae code generators or
appropriate model transformations prior to code generation. Since mulple code gen-
erators have been developed prior to the introduction of default paraneters, retaining
their compatibility was of the essence as required by ReqTRQ-7 . Therefore, Monti-
ArcAutomaton ADL models are transformed prior to code generation to apply ddault
values to the con guration parameters of instantiated component types.

To this e ect, this transformation traverses the AST of composed comporents (such
as the component typeDoubleClock  depicted in Listing 4.3) and checks every sub-
component declaration for missing arguments. If such a subcomponent d&aration is
encountered, its type is loaded and the default values for omitted argurants are applied.

1 component DoubleClock {

2 component Clock(1,2) clockO;
3 component Clock(1,10) clocki;
a ..

5 }

Listing 4.25: The component type DoubleClock  after applying the default
parameter value to its second subcomponent declaration (l. 3).

After applying this transformation, the component type DoubleClock (Listing 4.3)
is transformed in-place into the component type depicted in Listing 4.25. Here, the
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]
]

Figure 4.5: Language integration relies on syntax embedding, symbolic adaptatn, and
well-formedness rule reuse.

subcomponent declaration of instanceclockl (l. 3) is completed with the default value
10 for its second con guration parameter.

4.2 Embedding Component Behavior Languages

Integrating component behavior languages into an ADL either requires tocompose the
languages a priori, or to provide composition mechanisms for independéy engineered
languages. A priori composed language aggregates are tightly coupled and hinder-in
tegration of new languages. Hence, they are hardly reusable in projects thi di erent
language requirements. A posteriori language integration either require changes to the
participating languages (invasive approaches) or employing languages dgsied for com-
position. The latter enables composition without language modi cations (non-invasive
approaches). For the integration of component behavior languages into the MdiArc-
Automaton ADL, we present a concept for non-invasive, a posteriori language itegra-
tion. This concept rests on the separate integration of syntax and static emantics
and relies on the assumptions that (a) the behavior languages to be integred describe
input-output behavior, and (b) they can be integrated into a single, well-de ned exten-
sion point of the ADL. Both assumptions rest on the nature of C&C architectures that
encapsulate behavior in components. Integration of DSLs into other C&C onstituents
(such as ports or connectors) requires de nition of an according exterisn point and
clari cation of the integration semantics. We currently do not consider this.

Our language integration concept employs syntax embedding, symbolic adagtion,
and well-formedness checking as depicted in Figure 4.5. The integnrain combines the
syntaxes of the component behavior language and of the host ADL at the single, eli-
de ned extension point. This already enables creating and parse mode of the resulting
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language aggregate. However, to check the well-formedness of integrated deds, their
joint interpretation requires adapting the languages' symbols accordigly (e.g., adapt
names of an embedded language's inputs to incoming ports of the MontiArcAudmaton
ADL). With the symbolic adaptation in place, checking the well-formedness of inte-
grated models reuses the well-formedness rules of both languages andymaclude new
inter-language well-formedness rules. Thus, language engineers can iaslevelop and
integrate modeling languages as required by the participating domain gxerts that enact
the roles of application modelers.

We present a realization of this concept for MontiArcAutomaton that builds on the
language integration mechanisms of MontiCore to enable pervasive modekgen engi-
neering (Req. MRQ-3). This realization employs language embedding to integrate the
syntax of behavior languages into the MontiArcAutomaton ADL and language aggre-
gation to enable interpretation of embedded models. For the former, itexploits parser
integration, for the latter it relies on language families. Both mechanisns are presented
in Section 2.2.2.

Section 4.2.1 presents embedding of component behavior language syntaxBased
on this, Section 4.2.2 explains symbolic integration, which includesadaptation and in-
tegrated well-formedness checking. Finally, Section 4.2.3 desciis the infrastructure
required for language integration and a modeling language to con gure integrdaon.

4.2.1 Syntactic Behavior Language Embedding

Language embedding is a syntactic integration mechanism, where the hodanguage's
grammar provides an extension point in form of a designated production. Aproduction
of the language to be embedded is registered for this extension point angdhenever an
integrated model is parsed, the infrastructure for processing tb embedded language's
production is invoked. To facilitate reuse, we do not integrate the kehavior languages'
and host language's grammars, but the parsers MontiCore generates (cf. Sémh 2.2).
This facilitates exchange of embedded languages and does not impose maoghtion of
the languages' grammars.

The MontiArcAutomaton ADL provides an extension point for behavior languages
inside components. Productions of behavior languages are mapped to thisxtension
point. The parser MontiCore generates for the MontiArcAutomaton ADL then de legates
parsing of the behavior languages' non-terminal productions to their esponsible parsers.
The mapping required to enable such embedding can easily be spexd as both languages
are available to the integrator.

Conceptually, our approach to behavior language integration amounts to desdbpe (a)
which element of the host language serves as extension point and (b) wihicclement of
the behavior languages should be mapped to this extension point. In Mom€ore, such
extension points are de ned in terms of external productions. The poductions of the
behavior languages require no designation and each production of a behavilanguage
may be embedded. While convenient, this may lead to hardly usefucombinations (for
instance, embedding only the production representing states of anite state machine
into components will hardly produce input-output behavior). Checking this is subject
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N
i grammar BehaviorARC { \ }icom Stopper N
- Component = "comp” Name "{" 2 inpint irﬁ);r))ut;{
| (Port|Connector|Body)* 1 out bool result;
" ' behavior {}
Port = ("in"|"out") Type Name ";"; )
Connector = Name "->" Name ";"; P
Body = "behavior" kind :Name "{" P
Behavior(parameter kind) e—\\ e
T
i external Behavior ; FSM.Content in
'} / BehaviorARC.Behavior(finite)
- grammar FSM { \ | | comp Stopper \
' FSM = "fsm" Name "{" b inpint irﬁ)gut;{
Content ; ! out bool result;
"1 1 behavior finite  {
Content = (Field|State| Transition)*; P state Off;
Field = "field" Type Name; state On;
State = "state” Name; o [input==4] Off -> On;
Transition = "[" Name == Value "]" L }
Name "->" Name "/" Name = Value ";"; )
} S

Figure 4.6: Language embedding requires to specify which productionsf the behavior
language are embedded under which conditions into the extension poirbf
the host language.

to future work in the context of language interfaces [CVABCR15] and their application
to language composition [CCF 15b]. Figure 4.6 depicts the syntactic language embed-
ding and resulting models with a variant of the ARCgrammar (top left) as introduced in
Listing 2.1. This variant, BehaviorARC uses a di erent Body production to enable em-
bedding behavior languages into itsBehavior production. The latter is a parametrized
production that expects the single parameterkind , which is used to distinguish embed-
ded languages. The top right of Figure 4.6 shows @8ehaviorARC component model
with two ports, but without embedded behavior.

At its bottom left, Figure 4.6, presents an excerpt of a grammar for nite state ma-
chines. The FSMgrammar comprises the container productionFSMand its Content .
The latter contains arbitrary many elds, states, and transitions, where elds are either
input data sources or output data sinks, states are names, and transitios employ guards
of single equality checks over elds to describe the possibiligs to switch between states.
If the guard holds, a transition can re and emit messages via a single outgaoig port.
As depicted at the center of Figure 4.6, the productionContent of FSMis embedded
into Behavior of BehaviorARC . The argument for this embedding isfinite which
is passed to be thekind of Body and helps MontiCore to distinguish which parsers to
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select. It also becomes a pseudo-keyword in the concrete syntax oftégrated models:
Whenever MontiCore parses the name afteibehavior , it looks up which parsers are
registered for this name and delegates parsing to the responsible pars Hence, if the
value parsed forkind does not match the keyword a parser is registered to, parsing fails.
Consequently, the integrated model depicted at the bottom right of Figure 4.6 uses this
pseudo-keyword and arbitrary FSM.Content elements for its Behavior

With pure MontiCore, language embedding must be speci ed in language cogura-
tion les as depicted in Figure 2.5. These les specify, among embeddg information,
various other language-speci ¢ information to con gure MontiCore's model processing
infrastructure. This includes a reference to the generated datdype to represent root el-
ements of this language (which represent model les), con guration of afactory for root
elements of this language (which includes speci cation of embedding)and declaration
of a work ow to parse models of this language. Listing 4.26 shows an excermf the
language con guration of a previous version of the MontiArcAutomaton ADL, which
speci es a root class (I. 2), a root factory (Il. 4-9), and a parsing work ow (Il. 11-12).
The root factory speci cation contains a declaration of a designated start poduction
(I. 7). As some productions, for instance to procespackage declarations andimport
statements, are provided by MontiCore, the language engineer must spdy where her
own language begins. The start production declaration de nes this withthe name of
maa. Also the root factory describes embedding of theFSMContent production into
the BehaviorModel production of the MontiArcAutomaton ADL under condition of
the keyword finite . Here, maaidenti es the parser where the parser of FSMContent
should be embedded. The tokeref is the name for the embedded parser dFSMContent
and allows embedding productions into this parser as well.

1 language  MontiArcAutomatonADL { \
2 root MontiArcAutomatonRoot<MCCompilationUnit>;
3

4 rootfactory MontiArcAutomatonRootFactory

5 for MontiArcAutomatonRoot<MCCompilationUnit> {

6

7 MCCompilationUnit maa <<start>>;

8 FSMContent ef in maa.BehaviorModel(finite);

o }

10

1 parsingworkflow MontiArcAutomatonParsingWorkflow

12 for MontiArcAutomatonRoot<MCCompilationUnit>;

13 }

Listing 4.26: A MontiCore language conguration le for the integration of
production FSMContent of the Automata language (Chapter 5) into
components.

Language con gurations require in-depth knowledge about MontiCore and its hinguage
processing concepts, such as the root elements and which parsingork ow to select.
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With MontiArcAutomaton, all of these are xed by design, hence only the embedded
productions must be specied. For these, also the extension poinis xed. Hence,
language embedding amounts to specifying productions of the behavidanguage with
the discriminating keyword (e.g., finite ) only. MontiArcAutomaton therefore provides
means to liberate language engineers from MontiArcAutomaton ADL internals sieh as
selecting correct root and parsing work ows. Section 4.2.3 presentthese.

1 component Filter] int  max] { \
. o
3 in int  value,

4 in Boolean doFilter,

5 out int  result;

6

7 behavior finite {

8 state  permeable;

9 state impermeable;

10

1 [doFilter == false] permeable -> permeable / result = value;

12 [doFilter == true] permeable -> impermeable / result = max;

13 [doFilter == true] impermeable -> impermeable / result = max;

14 [doFilter == false] impermeable -> permeable / result = value;

15}

16 }

Listing 4.27: The componentFilter  contains an embedded=SMmodel comprising
two states and four transitions to describe its behavior.

For example, to embed models of theFSM language (Chapter 5) into MontiArc-
Automaton ADL components, the language engineer integratingFSMmust specify which
of its productions should be used. In case, she selects to embedetRSMContent pro-
duction into the BehaviorModel extension point of the MontiArcAutomaton ADL
grammar, models such ag-ilter  depicted in Listing 4.27 are possible.

This component model contains an embedded state machine (ll. 7-15) to ter integer
numbers. If ltering is active (the component's input port doFilter receivestrue ),
values are capped to the components con guration parametemax. To this e ect, the
state machine de nes two states (I. 8-9) and four transitions (ll. 11-14). These transi-
tions read the value ofdoFilter  and send corresponding values via the portesult
Everything between the opening curly bracket after finite (I. 7) to the next closing
curly bracket (I. 15) is embedded from the FSMgrammar.

The embedded state machine expects to read data from an input of nameoFilter
and expects to write data to an output of nameresult . In stand-alone FSMmodels,
these names are symbols referring to elds of the state machine itte In the con-
text of a component, these symbols should refer to ports of the componé&nwhich
the FSMlanguage is independent of. For proper integration, including inter-anguage
well-formedness checking, this change of symbol meaning must be diqated, such that
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MontiArcAutomaton can ensure that doFilter and result  are of data types com-
patible to the valuations and assignments on the transitions. Thus, syrtactic language
embedding alone does not su ce, but requiressymbolic integration as well.

4.2.2 Symbolic Language Integration

The names used in a model to reference parts of the same or other modeire symbolic
references with certain meaning. For instance, the left-hand sideof the assignment
doFilter = false of the rst transition depicted in Listing 4.27 is only meaningful
in an integrated state machine if doFilter references a component port or variable.
Other interpretations, such as assigning values to a state or to anothewalue are not
intended. However, the FSMlanguage is independent of the MontiArcAutomaton ADL
and, hence, unaware of the concepts of component ports and variables. Itasd-alone
FSM models, doFilter references an output of the automaton. This interpretation
must change for integratedFSMmodels.

Generally, when integrating a behavior modeling language into MontiAitAutomaton
ADL components, the meaning of these symbolic references may changeMontiArc-
Automaton and its ADL rely on MontiCore's language aggregation mechanisms (cf. Sec
tion 2.2.2) to re ect these changes in meaning. These mechanisms reqaithat each
participating language explicates their symbols for relevant models parts. MontiArc-
Automaton utilizes adaptation between the symbols describing input ard output models
elements of behavior languages and its port and variable symbols. This endds their
correct interpretation and to reuse the language's well-formednesshecks.

Non-invasive symbolic integration requires no changes to participatilg languages and
only little additional infrastructure. The additional infrastructu re consists of adapters
between the languages' relevant symbols and new well-formedness egl that arise from
integration. Furthermore, the integration requires specifying, hav to create and manage
symbols of the behavior languages as well as to select which well-formmeks rules of the
behavior languages to apply to embedded models. For both, existing frastructure in
the respective behavior languages can be reused. Thus, symbolic igt@tion of behavior
languages into the MontiArcAutomaton ADL requires:

Adaptation: Integration of behavior languages into the MontiArcAutomaton ADL
requires to identify their symbols relevant to input and output. The ports and
variables of the MontiArcAutomaton ADL must be adapted to these to allow their
interpretation in the context of embedded behavior models.

Restriction: Behavior language integration may change the requiremerg on well-
formedness of models. To re ect this, new well-formedness rutemight need to be
added as well as existing ones removed.

Infrastructure Integration: The MontiArcAutomaton ADL and behavior language s
provide means to create, manage, and resolve symbols. These must beeigrated
into a language family, such that the joint interpretation of their symb ols is possi-
ble. This includes the related infrastructure as well.
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Figure 4.7: The MontiArcAutomaton ADL language family comprises the MontiArc-

Automaton ADL, MontiArc, languages of the UML/P, and provides exten-
sion points to integrated component behavior languages.

As MontiCore prescribes only minimal language infrastructure (for instance, symbol
tables and well-formedness rules are optional), the integration might equire to provide
such infrastructure for a behavior language.

In general, combined interpretation of models of di erent languages (wlether em-
bedded or in separate artifacts) requires aggregation of adapters, well-foredness rules,
and infrastructure into a joint language family. The language family of the MontiArc-
Automaton ADL (Figure 4.7) aggregates the MontiArc [HRR12] language, from which
it inherits not only syntactically, but also symbolically (i.e., it inherits and extends Mon-
tiArc's syntax as well as its symbols). Via MontiArc, it transitively e xtends also from the
MontiCore Common language that provides common productions, such as types and
literals. It also aggregates the UML/P language family [Rum11] to use Java/P and clas
diagrams for data type modeling. Furthermore, it provides extensionpoints to aggregate
the di erent infrastructure necessary to integrate component behavior languages.

The MontiCore infrastructure required for symbolic language integration comprises:

Symbol table modules: In MontiCore, creation and management of symbols is
performed by its symbol table infrastructure, which takes care of poducing symbol

table entries from corresponding AST nodes, persisting, qualifyig, and resolving

these. Integration reuses the symbol table infrastructure of behalr languages

without modi cations.

Adapters: To re ect changes in the meaning of references, MontiCore alies on
adaptation between symbol table entries of related concepts. These adtgrs are
speci ¢ to integration and must be developed as explained in [HLMSN 15].

Context conditions: Integrating models of behavior languages into compoents
requires to apply the behavior languages' well-formedness rules asel: Addi-
tionally, integration might entail to new well-formedness rules. With MontiCore,
well-formedness rules are implemented as context conditions and tegration must
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grammar BehaviorARC { \ | | comp Stopper { N
. Component ="comp" Name "{" o ;

‘ in int input ;
(Port|Connector|Body)* 1 outbool result;
"} .\ behavior {}
Port = ("in"|"out") Type Name ";"; )

Connector = Name "->" Name ";";
Body = "behavior" kind:Name "{"
Behavior(parameter kind)

e

external Behavior;

\ | | comp Stopper { N
. inint input;

grammar FSM {
. FSM ="fsm" Name "{"
Content ;
T
Content = (Field|State| Transition)*;
Field = "field" Type Name;
State = "state" Name;
Transition = "[" Name == Value "]" P
Name "->" Name ";"; )

S R
Figure 4.8: Adaptation between names of di erent languages enables intergting refer-
ences in embedded behavior language properly.

provide the context conditions to apply. The intra-language context conditions can
be reused with minimal e ort, the new context conditions must be implemented
as presented in [\W11].

Work ows: MontiCore languages may employ di erent work ows to optimi ze their
ASTs or symbols. If required, integration must consider a behavior laguage's
work ows as well.

Non-invasive context condition reuse commands the existence of adapter consider a
well-formedness rule ofFSMthat checks whether the value assigned to a eld matches
the eld's type (such as the eld inta , depicted at bottom right in Figure 4.6). If the
embedding of FSMmodels into MontiArcAutomaton ADL components prohibits elds in
favor of ports, checking the well-formedness of assignments triee resolve the symbol for
the name a and will fail to produce a eld symbol table entry. Instead, the Mont iArc-
Automaton ADL must provide the corresponding port symbol. Adapters bridge that
gap by interpreting the names in transition guards as references to pds as depicted
in Figure 4.8. The adapters ensure that certain names expected by the &G of FSMare
interpreted as references tdBehaviorARC elements de ning these names.

Figure 4.9 shows the realization of the adaptation ofBehaviorARC ports to FSM
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Figure 4.9: An adapter to use port entries ofBehaviorARC as eld entries for symbolic
integration of FSMmaodels.

elds via their symbol table entries. Whenever a name expected @ reference a eld is
looked up by BehaviorARC , it returns a port symbol table entry disguised as a eld
entry instead. To this e ect, the language engineer integrating FSMinto BehaviorARC
must develop and register the available adapters. Each adapter referees the source
symbol kind (cf. Section 2.2.1) of the entry type it adapts, the target symbol kind of the
entry it disguises as, and provides a factory to create adapters of itsype. Whenever
a resolver looks up the name and kind of the eld entry corresponding ¢ the expected
eld name input , MontiCore will return an instance of Port2FieldAdapter instead.
The adapter acts as a eld entry and can be used, for instance, to check mether the
Type associated withinput matches the type of the value it is compared to.

Aside from re ecting changes in meaning, language engineers may exploit agta-
tion to make other concepts available to participating languages. With the MontiArc-
Automaton ADL, components may Yield con guration arguments that are passed at
component instantiation and are constant from then on. Although FSMdoes not have
such a concept, adapting con guration arguments to non-writable elds (which requires
another inter-language well-formedness rule prohibiting assignmestto elds that actu-
ally are component arguments) might be useful to allow usage of con guration aguments
for behavior calculation.

The next section presents the infrastructure to integrate symboltables, context con-
ditions, adapters, and work ows into the MontiArcAutomaton ADL language fami ly.

4.2.3 Language Integration Infrastructure

Integrating a behavior language into the MontiArcAutomaton ADL requires declaring
which of its productions should be embedded, specifying a keywdrfor this production,
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Figure 4.10: Integrating behavior languages into MontiArcAutomaton requiresconsider-
ation of symbol table infrastructure, adapters, and context conditions.

and integrating of symbol table infrastructure, context conditions, and work ows. The
symbol table infrastructure comprises entries, entry creators, gali ers, resolvers, and
deserializers. Speci cation of context conditions enables includig intra-language condi-
tions of the behavior language (as not all its well-formedness rules mighte applicable in
the context of a component) and adding new intra- and inter-language welformedness
rules. Not all of these modules are necessary. Figure 4.10 therefore ddbes the lan-
guage engineer's e orts for integration of a single behavior language. It begm with
selecting the production of the behavior language to embed into compamnts including
its embedding keyword. This production de nes which behavior bnguage models parts
can be processed inside components and governs which part of the languaggenerated
MontiCore parser to integrated (cf. Section 4.2.1). If the language to be etnedded has
symbol table infrastructure, it needs to be integrated and adapters letween relevant
symbols must be provided as explained in Section 4.2.2. Afterwards, #évailable, intra-
language context conditions and inter-language context conditions, as well asork ows
are integrated. To integrate multiple languages, this must be repeatedor each language.

As MontiCore relies on DSLTools to process models, con guration with kehavior lan-
guages must be provided in form of a language combination speci ¢ DSLTool. MntiArc-
Automaton supports two ways to de ne such tools: either via handcrafting subclasses of
certain MontiCore classes and implementing their methods correcyl, or using a domain-
speci c embedded language (DSEL) [Fow10] that parametrizes a generictiegration tool.
While the DSEL's expressiveness is restricted to support the mst common use cases of
behavior language integration, it enables con guring the MontiArcAutomaton AD L with
new component behavior languages with little e ort. If the behavior language to embed
has special integration requirements, handcrafting the integration @ables harnessing the
full language integration power of MontiCore. Either way, language integration requires
no changes to participating languages as required by RedRQ-6 . The following sections
explain how the MontiArcAutomaton ADL can be extended with behavior languages via
handcrafting integration artifacts or using the DSEL.
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Figure 4.11: Integrating FSMbehavior into the MontiArcAutomaton ADL requires pro-
vision of a single new class inheriting fromMAAADLTool only.

Handcrafting the Integration Infrastructure

With MontiCore languages, language family con guration is part of their DSLTools.
Each language's DSLTool contains an instance of MontiCore'danguageFamily  class,
which contains symbol table entry creators, resolvers, quali ers, &serializers as required
by the individual language. It also contains the context conditions and wok ows to
apply. The MontiArcAutomaton ADL is de ned in terms of the MAAADLanguage
class used by theMAAADLTool. The language classMAAADLanguage extends from
LanguageFamily and con gures the MontiArcAutomaton ADL to interact with Mon-
tiArc, UML/P, and Java/P. Furthermore, it provides methods to add language infras-
tructure of behavior languages. It also controls which parsers to use g con guring an
instance of MAAADLRootFactory (cf. Section 4.2.1).

Figure 4.11 illustrates handcrafted integration with the FSMlanguage of Figure 4.6.
The top three classes starting with MAAADLare part of the MontiArcAutomaton ADL
and can be reused for integration of arbitrary MontiCore behavior languages. Te
class MAAFSMTool implements the integration of FSMinfrastructure into the Monti-
ArcAutomaton ADL. To this e ect, it overrides the method initLanguageFamily()
of MAAADLTool and adds relevant information retrieved from the FSMTool to the
MAAADLLanguage. The remaining bottom ve classes starting with FSMare part of
the FSMlanguage and used by the accessed via tHeSMTool.
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The stand-alone DSLTool FSMTool holds an instance of theFSMLanguage class,
another descendant ofLanguageFamily , and the work ows (such as model transfor-
mations) that are applied to FSMmodels. The FSMLanguage class contains symbol
table infrastructure (including symbol table entries, entry creators, quali ers, resolvers,
and deserializers) and context conditions of the=FSMlanguage. All of these can be reused
via integration into the MAAADLLanguage language. To this e ect, the MAAFSMTool
extends the MAAADLTool, which contains the parametrizable MAAADLLanguage, and
references theFSMTool. From the latter, it retrieves FSMwork ows, context conditions,
and symbol table to the MontiArcAutomaton ADL. It also contributes inter-I anguage
context conditions, adapters, and overrides the root factory to regiser the parser for the
FSM.Content production the extension point of the MontiArcAutomaton ADL. Hence,
when using theMAAFSMToolto parse integrated models, the MontiArcAutomaton ADL
parser invokes theFSMContentParser for each component behavior of theFSMlan-
guage, combines their ASTs, creates the corresponding symbol table ems, checks its
well-formedness, and performs work ows using the provided infastructure.

Handcrafting integration infrastructure requires development of a sngle class with a
few lines of code only. However, MontiCore gives languages engineers rhufreedom
regarding the implementation of languages (for instance it does not presibe how to
create and manage symbol tables). Thus, integration requires in-deptlexpertise about
the behavior language to be integrated and specifying universal implaentations of the
relevant methods is impossible.

A Groovy DSEL for Behavior Language Integration

To facilitate integration of behavior languages, MontiArcAutomaton employs a domain-
speci ¢ embedded language based on the GPL Groovy [KKLE15]. Groovy is a pro-
gramming language for the Java virtual machine, which allows omitting syntactic sugar
(such as brackets around method arguments and dots for method concatenatn). Thus,
it lends itself to develop DSELs [Fow10, Ghol0] with similar feature than Java but
a less verbose syntax. Models of the Groovy behavior con guration langage (GBC)
specify which modules of a behavior language are contributed to integtion. Monti-
ArcAutomaton processes these and con gures the modeling language infrasicture of
MontiCore with collected relevant integration properties. As Groovy is compatible to
Java and MontiCore language modules are implemented in Java, the GBC cainter-
face the MontiCore modules with ease. This, for instance, allows intecting with the
FSMTool class depicted in Figure 4.11 to retrieve its information instead of spcifying
each required module manually. It ultimately liberates developes performing language
integration from requiring expertise about behavior language implemetation details.
Listing 4.28 illustrates these bene ts with a GBC model integrating the FSMlan-
guage into the MontiArcAutomaton ADL. First, it de nes a unique name (I. 1), which
is used to identify components of the language in the resulting aggregate anas the
pseudo-keyword under which the parser of the selected productiomwill be embedded.
Afterwards, it references the behavior language production to be embdded (. 2). The
latter is identi ed by a quali ed name consisting of its dot-separated path, grammar
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1 name "finite" N
2 behavior "FSM.Content"
3 tool new fsm.FSMTool()

4 coco new maafsm.NoFieldsinEmbeddedModels()
s adapter new maafsm.Port2FieldAdapter()

Listing 4.28: Groovy behavior con guration model for embedding the FSMlanguage
using instances of MontiCore language implementation classes.

name, and production name. It references the language's DSLTool clagsSMTool (I. 3),
from which it retrieves the FSMLanguage and work ows. From the language, it retrieves
entries, entry creators, quali ers, resolvers, and deserializex of the FSMsymbol table. As
integrated FSMmodels should act on ports and variables of the surrounding component,
(a) using Field elements should be prohibited and (b) the interpretation of referaces
on transitions must be changed to ports and variables. The former requigs a new context
condition and the latter an adapter as presented in Section 4.2.2. Hence, thGBC model
references a context condition class (I. 4) as well as an adapter class 8). The syn-
tax of this language is de ned by the uent interface [Fow10] of the classGBCBuilder
depicted in Figure 4.12. This class employs a variant of the builder paern [GHJV95]
to create instances ofBehaviorConfiguration that describe integrated languages.
The GBCTool extends the MAAADLTOoI, interprets its BehaviorConfiguration
instances, and con gures the MontiArcAutomaton ADL accordingly. With Groo vy's
feature to omit syntactic sugar, instances of BehaviorConfiguration can be de-
ned as depicted in Listing 4.28. Please also note that the order of methodnvocations,
and hence the order of model keywords, is arbitrary.

Usage of GBC models with theGBCBuilder imposes the requirements on language
implementation with MontiCore: For one, the behavior language must provde a class
inheriting from MontiCore's DSLTool class. As MontiCore processes models with in-
stances of DSLTools, this is de facto standard and a requirement thats ful lled almost
naturally by using MontiCore [V ©11]. However, technically, it is possible to use Monti-
Core without a DSLTool and languages providing no tool are not supported forGroovy
con guration. The GBCBuilder also expects all context conditions to inherit from Mon-
tiCore's ContextCondition class. Although this is standard for MontiCore languages
as well [Vol1], it technically is possible to check well-formedness rules @rently. If the
well-formedness rules do not inherit fromContextCondition , GBCBuilder cannot
support these. Finally, the object passed to methodadapter()  must implement Mon-
tiArcAutomaton's IEntryAdapter interface. Implementing this interface entails that
each adapter provides an instance of MontiCore'sAdapterConfiguration , which
contains a quali er, a resolver, and a deserializer for each adapter. Té interface
IEntryAdapter is not part of MontiCore. However, the required adapters are specic
to the integrated languages and hence, must be created for each language comdgiion
anyway. Thus, enforcing implementing of IEntryAdapter is no severe requirement.
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Figure 4.12: Quintessential classes of MontiArcAutomaton's Groovy behawr con gura-
tion infrastructure.

Using the GBC language to integrate behavior languages amounts to providinghe
required GBC models (one per language) as well as the required types drinstances
of the language implementation infrastructure explained above. With this, the overall
project layout for integration of FSMinto MontiArcAutomaton could be as depicted
in Figure 4.13. Elements of the FSM project and of the MontiArcAutomaton project
are reused without modi cation. For convenience, the integration artifacts are placed
into a third project. Is also is possible to place these into the aplication project, which
might be useful in contexts where the speci ¢ language combination is ot intended to be
reused with di erent applications. Invoking the GBCTool with the con guration enables
processing integrated models, parses the model into a combined ASand produces ad-
ditional infrastructure not depicted here (such as the symbol tableentries of component
and behavior elements).

4.2.4 Language Integration Semantics

Models of integrated languages must be able to describe input-output éhavior reading
from discrete data sources (incoming ports and variables) and writingto discrete data
sinks (outgoing ports and variables). They perform their calculations gypically in read-

compute-write cycles) within a single Focus time slice of the surrounding architecture.
Hence, they partition time slices into sequences of operations. Weoasider these untimed
in the Focus sense, but causally related. The semantics of integrated behavior tis
follows the concept of superdense time [MP93], which, following [Le=10], distinguishes
between a discrete \time continuum" (the global Focus time) and \untimed causally-
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Figure 4.13: Exemplarily behavior language con guration and artifacts in the context of
their containing projects.

related actions” (a behavior model's actions within the time sliceof a component).

We also assume that the operations performed in the superdense time afcomponent
are computed fast enough to not interrupt the architecture's functionality. Also, in
every time slice, the MontiArcAutomaton ADL provides values on each inmming port
of a component. Hence, behavior languages may evaluate complex expressaver the
complete interface of a component, instead of reacting on single messagady.

4.3 Discussion

MontiArcAutomaton models describe structure and behavior of logically dstributed
component & connector software architectures. The MontiArcAutomaton ADL itself is
compact and easy to comprehend (cf. Chapter 9). To achieve this, it faeses on the core
elements of C&C software architectures, which are components, conotors, and con gu-
rations (subcomponent topology) [MTO00]. While this eases the learning ctve [MDTOQ7],
the MontiArcAutomaton ADL thus lacks direct support of interesting feat ures of other
ADLs, such as

ways to change the subcomponent topology at run-time [VVKMO00, ACN02, SOKO05,
JBCGO05, RBH" 07, FG12],
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supporting multiple primitive behaviors per component [FG12] and switching be-
tween these at component instantiation or during run-time,

a distinction between di erent types of ports [SSL11, FG12, BKH" 13],
properties of ports (aside from their types) [MRT99, ACN02, JBCGO05],

more complex connectors [GMWO00, KGO 01, MCWF02, JBCGO05, BCL* 06, FG07,
UNT10], or

dynamic subcomponent replication [MDEK95, NPR13].

Integrating any of these comes at the price of introducing additional noational noise
[Wil01] and accidental complexities [FRO7]. As MontiArcAutomaton and its ADL r ely on
the language workbench MontiCore [KRV08b, KRV10], adding new features by measn
of language integration (cf. Section 2.2.2) is possible in a structured waynd allows
reusing great parts of the existing model processing infrastructte [Vell, LNPR* 13,
HLMSN* 15]. Hence, whenever tailoring the MontiArcAutomaton ADL to certain re-
guirements is necessary, the implementation can rely upon the posrful language de -
nition and integration features of MontiCore.

While MontiArcAutomaton supports integration of arbitrary modeling language for
component behavior, embedding languages without dynamic semantics ysh as class
diagrams) will not produce input-output behavior without further i nterpretation. Future
research on the globalization of modeling languages [CDBL4, CCF" 15a] might help
to make the requirements for meaningful behavior language embedding explicit and
evaluable. In the same vein, embedding arbitrary productions of beavior languages
will rarely produce meaningful models. Making language interfaces gticit and marking
\behavior productions" as such could support automated integration e ort s.

MontiArcAutomaton currently integrates syntax and static semantics only. Explicat-
ing dynamic semantics of MontiCore languages is subject to research andehce integra-
tion of dynamic semantics is not considered in this thesis.

Behavior language integration in MontiArcAutomaton is easier than general language
composition as it only requires embedding into a single, well-de ed extension point and
joint interpretation of a few symbols (mostly ports and variables) to reuse most of the
embedded languages infrastructure. The single extension point of MorircAutomaton
must be implemented by a single production per behavior language.

4.4 Related Modeling Languages

Multiple architecture modeling languages and frameworks for C&C sysems have been
brought forth [MT00, MLM *13, RMT14a]. These languages and frameworks have
emerged from di erent domains, such as automotive [BHS99, d07], avionics [FG12],
or robotics [SSL11, DKS 12, BKH* 13] and focus di erent aspects and challenges of ar-
chitecture engineering from academic and industrial perspectiv® Most of these are
\ rst-generation ADLs" [MDTO7] that are \solely focused" on technology inste ad of
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business-related or domain-speci ¢ aspects. The exible integratn of domain-specic
modeling languages with ADLs is rare and usually overly complicated. Whee an archi-
tecture modeling infrastructure is driven by the demands of spei ¢ domain, extensibility
usually is focused to a lesser extent and domain-speci ¢ issuesechallenged instead.

Although extensibility is considered \a key property of modeling notations" [MDTO7]
most C&C software ADLs support a xed set of language elements and component &
havior languages. A recent survey on industrial use of ADLs observed that tddring
an ADL \towards whole company needs" [MLM* 13] is partly feasible with \pre-existing
extension mechanisms" yet these mechanisms are insu cient, thecorresponding tools
are \too generic", and the ADLs are of \insu cient expressiveness”. This limits the
language's expressible principal design decisions and ultimately ggires to describe im-
portant design decisions in GPL artifacts bundled with the architecture or renders the
language makes it unusable.

The AADL [FG12] modeling language for hardware and software components of em-
bedded systems features language elements to model hardware compotsersoftware
components, and related properties, where MontiArcAutomaton focuses omodeling
logical software architectures. AADL distinguishes component types fom their imple-
mentations and the former de nes the type's interface. Component inplementations
inherit the implemented type's interface and describe the type's internals, such as sub-
components or calls to subprograms. Components implementations of typehtead may
de ne unconditional sequences of subprogram calls. Subprograms compei€omponent-
like interfaces and represent a \callable unit of sequentially exegtable code" [FG12].
AADL can also be extended with behavior languages through sub-languages confaing
to the behavior annex [BFBFRO7], which lacks integrated semantics wth the surround-
ing architecture [YHMPOQ9] and is overly complicated.

AutoFOCUS [HF11] is a C&C ADL and modeling infrastructure for the engineering
of embedded distributed systems. It is based on the semantics dfocus [BS01, RR11]
as well. It supports time-synchronous messaging with weakly causal anstrongly causal
component behavior. Behavior is modeled as state transition diagrams. Heever, Aut-
0FOCUS does not distinguish between component types and their instarations. This
hampers component reuse.

The xADL [DVdHTO1, DVdHTO02] focuses on architecture extensibility as well and
is grounded on a metamodel for XML-based ADLs. It shares many features with le
MontiArcAutomaton ADL (such as atomic and composed components, instantiation,
component behavior models), and provides language elements for produlines and vari-
ability the MontiArcAutomaton ADL does not support. Extension in XADL foc uses on
language integration on the metamodel level and does neither support nomvasive lan-
guage integration, nor integration of model processing infrastructure NDZR04]. Also, to
the best of our knowledge, XxADL does not support code generator compositn. Instead,
its \architecture instantiation schemas" [DVdAHTO1] tie software archite cture models to
speci ¢ implementations.

MathWorks Simulink [Tyal2] features a block diagram language for the descption
of software as components and connectors. State ow [Sta] extends blocksith state
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transition diagrams. The State ow semantics are not completely de ned and have been
formalized in various ways [HRO04a, MC12]. In contrast to MontiArcAutomaton, Stat e-
Flow does not support behavior language integration.

SysML [Wei06, FMS11] is a collection of graphical modeling languages for theedel-
opment of complex software systems. It is based on a subset of extendedML [OMG10]
and comprises languages to describe requirements, structure, ancebavior of systems.
Structure is de ned in block de nition diagrams, internal block d iagrams, and package
diagrams. The internal block diagram language contains components (called \pds"),
connectors, and ports. Hence it is similar to MontiArc models. Behavor is modeled with
activity diagrams, sequence diagrams, state machine diagrams, and use caiagrams. In
contrast to SysML, the semantics of the MontiArcAutomaton ADL vyields well -de ned
semantics based on the~ocus framework. The SysML semantics is grounded in the
employed code generator.

Few other ADLs, for instance ArchJava [ACNO2] or Plastik [JBCGO05], are imple
mented as domain-speci ¢ embedded languages [Hud96, vDKVO00]. This usuallgllows
reusing arbitrary concepts of the host language, including loops and coritional expres-
sions, but limits their application to platforms supporting the host GPL.

Research in robotics software engineering produced a number of apprdaes to mod-
ular robot components [VNE* 01, Bru01, BKM* 05, BBC* 07, QGC* 09, NFBL10]. Si-
multaneously, research towards model-driven robotics software engeering has received
attention [Mur02, WICEOQ3] as well: by now, there are speci c modeling languages for
imperative and event-driven robot programming [MAHR10, BDHN10, LW11, ASH* 12,
BBH13], kinematics and geometric relations [SCS07, FBC11, LSGB12], de nitionof
assembly tasks [THR 13, Van13], perception tasks [Blul3, Hoc13], and software archi-
tectures [SSL11, Troll, DKS 12, NW12, BKH* 13].

Established robot architecture programming frameworks such as CARMEN MRTO03],
Fawkes [NFBL10], OpenRDK [CCIN08], ROS [QGC" 09], or YARP [FMNO8] require
de nition of software architectures in terms of GPLs. Therefore, they lack abstraction,
comprehensibility, and reuse of frameworks employing ADLSs.

Many popular robotics architecture modeling frameworks [RMT14a], suchas Smart-
Soft [SSL11], SafeRobots [RMT14b], RobotML [DKS 12], or BRICS [BKH™" 13] enable
seamless development of robotics software architectures. These framworks provide solu-
tions to domain-speci c issues, such as advanced communication pattas, deployment,
or planning that are not tackled by MontiArcAutomaton. Although most of these fr ame-
works employ state of the art language workbenches, they neither suppbiintegration
of application-speci ¢ behavior languages, nor code generator compositionlhe authors
of [SSL11] explicate this as \freedom from choice" to support application deelopers in
creating solutions instead of dealing with infrastructure mechanisns. If the employed lan-
guage workbenches however support language aggregation, inheritance, and ezdiling
(or similar mechanisms [EGR12]) the presented language integration actities might be
applied to these frameworks as well.

Most robotics ADLs employ notions of components and connectors to describthe
structure of the system under development and require developnm of component be-
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havior with GPLs [Trol1, SSL11, BKH* 13]. The RobotML [DKS* 12] modeling lan-
guage for design and deployment of robot applications uses nite state machies to
describe component behavior, which is similar to the MontiArcAutomaton version pre-
sented in [RRW13b]. In contrast to MontiArcAutomaton, the RobotML does not provide
facilities to extend it with di erent DSLs for data types or component behavior. The
AMARSI language family [NW12] enables modeling of \Motor Skill Architectures" and
therefore models software components with behavior as well. Compongbehavior is
modeled in terms of di erential equations. AMARSI also does not consiér modeling
language extension. The BRICS [BKH 13, VKB14] metamodel of component & con-
nector software architectures focuses on the separation of concernstiveen development
responsibilities. Therefore, the metamodel explicates featurelike scheduling, monitor-
ing, and component con guration. BRICS does not consider behavior modéhg yet and
thus relies on GPL component behavior implementations as well. Diag®c [CKS11]
is a modeling language for development of Sense/Compute/Control [TMDQ9] sdivare
architectures that supports modeling of structural aspects as well Similar to previous
approaches, component behavior has to be provided in terms of GPL artifcts. The
OpenRTM [ASK * 05, ASK08] ADL provides a sophisticated component model, where
components may contain state machines that use C++, Java, Python, or C# expres-
sions to enable and re transitions. This notion of state machines is tighly coupled
to the component model and corresponding infrastructure parts, and @enRTM does
not support using di erent component behavior languages. The data type of Open-
RTM are speci ed as CORBA (Common Object Request Broker Architecture) [Sie00]
types which enables platform-independence of data types. Oroco®8j{u0l, KSB10] is
another modeling language for robot software architectures which suppos component
behavior implementation in the GPLs C++, Python, Lua. The latter enabl es describ-
ing component behavior with Lua DSELs, which is employed to some dege by the
FAWKES [NFBL10] framework as well.

Overall, to the best of our knowledge none of the existing approaches teards software
architecture modeling support the minimally invasive language integration features as
provided by MontiCore and hence do not support easy integration of appliation-speci c
component behavior modeling languages. Most ADLs also are tied to in-extesible frame-
works supporting code generation for only a few target languages { sometimesue to
the employed type system being one of a GPL.
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Chapter 5
A Behavior Language with 1/0 ' Automata

MontiArcAutomaton comprises the Automata modeling language based on the 1/0
automata paradigm [Rum96] to describe the state-based input-output behvior of com-
ponents platform-independently. Using Automata models to describe component be-
havior decouples components from GPLs and enables their reuse with drent plat-
forms. A previous version of this language was presented, where the autata language
elements were part of the MontiArcAutomaton grammar [RRW14a]. The language pre-
sented in the following is a stand-alone language for I/0® automata, which is integrated
into MontiArcAutomaton using the language integration mechanism presental in Sec-
tion 4.2. Furthermore, Automata embeds the Java/P modeling language to describe
expressions, which is a MontiCore language that resembles Java 1.5 [82]. These en-
hancements have been initially developed in a Master's thesis f814] and have been
re ned since then.
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Figure 5.1: The stand-alone automatonRobotController demonstrates most features
of the Automata language.

Figure 5.1 illustrates the features of the Automata language with the automaton
RobotController . This automaton could be used describe the input-output behavior
of the atomic component StateBasedController as illustrated in Figure 4.1.
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Figure 5.2: The data types the automaton RobotController operates on.

The automaton operates in the context of the class diagram typesDirection
TimerCMD, and System (depicted in Figure 5.2). It also de nes inputs distance
and time , outputs nav and cmd, and variables minDist and maxDist of the cor-
responding CD data types. The automaton consists of the four stateddle , Drive ,
Back, and Turn that describe the di erent states the exploring robot can assume (as
motivated in Section 2.4). Initially, the robot stops. Once it is signaled to start by
simulating an obstaclée, it starts to drive forward until it encounters an obstacle (i.e.,
the distance measured is less tharb). Then, it updates the variables minDist and
maxDist using corresponding methods provided by the class diagram typ&ystem .
The variables are updated in order of occurrence in the textual model Afterwards, it
sendsBACKWARID the output nav, and DOUBLE_DELAYo output cmd. Again, the
assignments are performed in the order of occurrence. Embedded mtthe component
StateBasedController of Figure 4.1, this would invoke the timer to count down
an interval of twice its normal interval length and steer the robot backwards. After it
receivestrue from the input time , (i.e., the timer signaled that the set interval has
passed) it rst sends BACKWARD the output nav, and then SINGLE_DELAYto output
cmd. In the context of component type StateBasedController , this would rotate
the robot for a normal interval length. Finally, once it again receivestrue on input
time (i.e., the set single interval has passed) it send§ORWARD output nav.

The automaton RobotController illustrates most features of Automata : It dis-
tinguishes between typed inputs, typed outputs, and typed, lo@l, variables. All of these
may reference class diagram types. Variables may be initialized wit appropriate values.
Transitions may feature a guard (denoted by square brackets|\..] '), stimuli that
describe expected values of inputs, and actions that assign values to tputs. Each of
these is optional and may use Java/P expressions. The transition fromdle to Drive |,
for instance, features a guard that checks the value of inputdistance and an action
that assigns the valueFORWARD he output that the value FORWARB assigned to is
determined automatically based on the type Direction of FORWARRNd the avail-
able outputs and variables. In case there is only a single output or variald of type
Direction , the assignment's name can be omitted. The same holds for inputs. For
the assignments to variablesminDist and maxDist on the transition from Drive to

In lieu of integrating additional activation hardware.
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Back, this is not possible, as the value returned by methodmin() is of type Integer
and can be assigned to both variables.

Listing 5.1 displays the textual model of the RobotController automaton. Similar
to MontiArc and MontiArcAutomaton, Automata models are structured in packages
(. 1) and support to import types from class diagram models (ll. 3-5). Automaton def-
initions start with the keyword automaton (I. 7) followed by the automaton's name.
The automaton's context is de ned in terms of inputs, outputs, and variables (ll. 8-13).
Each consists of a type and a name, where the type is an (un-)quali edeference to an
imported class diagram data type. Variables may also have a value or are lefinini-
tialized initially. For the latter, Automata assumes default values similar to popular
GPLs. The automaton de nes its content in terms of states and transitionsin arbitrary
order. States are de ned by the keywordstates followed by a set of names (I. 15).
Initial states are, following the notation of [Rum96], declared explictly by the keyword
initial , followed by a set of names (I. 17). Initial state de nitions may declare initial
behavior { such as initially assigning the valueSTOPto output nav (I. 17). Automata
supports multiple (initial) state declarations for structuring pu rposes.

Transitions require no special keyword, but are de ned by their unique syntax instead:
a transition consists of a source state name, a target state name, a guard, rtiple
stimuli, and multiple actions (ll. 19-29). Stimuli and actions may refer to imported data
types. For instance, the actionminDist = System.min(...) refers to the imported
data type System as depicted in Figure 5.2. Everything but the source state name is
optional and specifying a transition by a single name describes an uncdiitional loop
from the state to itself. Stimuli and actions may be contained in optional curly brackets
for structuring purposes (ll. 22-27).

In the following, Section 5.1 introduces the language elements cfutomata by ex-
ample. Afterwards, Section 5.2 presents the symbol table structureand entries of Au-
tomata . Section 5.3 describedutomata 's context conditions which rely on the symbol
table entries. Section 5.4 presents a post-processing model traformation before Sec-
tion 5.5 describes the integration of Automata into MontiArcAutomaton.

5.1 Language Elements

Automata  provides language elements to describe non-hierarchical, nite automta
with underspeci cation that operate in the context of inputs, output s, and variables.
Inputs represent the accessible environment, outputs represe parts of the environment
that can be e ected, and variables are part of the automaton's state. In this this con-
text, automata describe state-based input-output behavior and, here, can read values
from inputs and variables and assign values to outputs and variables. Thentuition
of Automata semantics is that they are performed in cycles, where they read allus-
rent values on their inputs and variables, perform up to one transition and write the
next values to their outputs and variables. They are not integrated into components
or connected to other automata. Hence, neither timing, nor communication éedback
cycles [HRR12] are issues with this language. These become important iss when em-
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1 package robot;

2

3 import  Direction;

4 import  TimerCMD;
s import  System;

automaton  RobotController {
input Integer dist;
input  Boolean time;
10 output Direction nav;
11 output TimerCMD cmd;
12 variable Integer minDist = 0;
13 variable Integer maxDist;
14
15 states Idle, Drive, Back, Turn;
16
17 initial Idle / STOP;
18
19 ldle -> Drive [distance < 5] / FORWARD;
20
22 Drive -> Back [distance < 5]

© o N o

22 / { minDist = System.min(minDist, dist),

23 maxDist = System.max(maxDist, dist),
24 BACKWARD,

25 DOUBLE_DELAY };

26

27 Back -> Turn true / { BACKWARD, SINGLE_DELAY };
28

20 Turn -> Drive true / FORWARD;

30 }

Listing 5.1: The textual model of the automaton RobotController depicted
in Figure 5.1.

bedding Automata models into components and, thus, are discussed in Section 5.5.1.
This section introduces the Automata language elements by example, which can be
used with models of di erent semantics. The completeAutomata grammar is available
in Section A.2 of the appendix in two versions: one simpli ed for humancomprehension
and the actual MontiCore grammar.

5.1.1 Automaton Declaration

An automaton declaration begins with the keyword automaton followed by the automa-
ton's unquali ed name and curly brackets. The latter contain the automaton's context
consisting of inputs, outputs, and variables, and its content comprisng states and tran-
sitions. Listing 5.2 shows the declaration of the automatonMotorController
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1 automaton  MotorController { —_
2 .
s}

Listing 5.2: The declaration of the automaton MotorController begins with the
keyword automaton followed by its name and curly brackets.

5.1.2 Inputs, Outputs, and Local Variables

An automaton may de ne the inputs, outputs, and variables to describe the context
it operates in. Each consists of a keyword, a type, and a name. Inputs att with
the keyword input , outputs with the keyword output , and variables with the key-
word variable . Listing 5.3 depicts the automaton TimedMotorController , Which
de nes three inputs (ll. 2-4), one output (. 5), and two variables (Il . 6-7).

1 automaton  TimedMotorController { \
2 input Minutes ts;
3 input Float cur;

4 input Float max;

5 output Float speed,

6 variable Boolean stopLights;

7 variable Minutes t0 = System.now();

e }

Listing 5.3: The automaton TimedMotorController de nes three inputs, one

output, and two variables (ll. 2-7).

Where initial values for variables are omitted, the values default to pecic values
similar to Java: numerical values default to O, Boolean values default tofalse , and
complex objects default tonull

5.1.3 Values

Values checked by guards and inputs or assigned to outputs are expresss of the Java/P
language. This includes values and literals for common types, such asue and false
for Boolean types, various number formats, and strings, and complex expressionsver
CD types, such as concatenated method calls with multiple parametes. Listing 5.4
illustrates this with initial values for the automaton's variables stopLights and t0
(I. 6-7). The rst assignment assigns the literal value false to stopLights and the
second assignment retrieves and assigns the current time via metdaow() of data type
System (as depicted in Figure 5.2).

Additionally, Automata introduces the (pseudo) valueNoData, denoted by\-- ", to
describe the case of explicitly assigningno messagen architectures using timed stream
semantics [RR11, RRW14al].
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1 automaton InitializedMotorController { \
2 input Minutes ts;
3 input Float cur;

4 input Float max;

s output Float speed,

6 variable Boolean stopLights = false ;

7 variable Minutes t0 = System.now();

s }

Listing 5.4: The automaton InitializedMotorController initializes its

variables (ll. 6-7).

5.1.4 State Declarations, Initial States, and Initial Outputs

A state declaration introduces one or multiple states and begins with he keyword

states . An automaton must contain at least one state declaration with at least one
state. De ning multiple state declarations is allowed. They are interpreted as a sin-
gle state declaration. The automaton StatebasedMotorController of Listing 5.5

features two state declarations (ll. 9-10) de ning multiple states eat. Each state declara-
tion begins with the keyword states , followed by a list of state names. Each state may
be preceded by an optional list of stereotypes (cf. stat&rror inl. 9). Such stereotypes
facilitate language extension to a certain degree but lack the documeation of language
elements codi ed in the grammar. In MontiArcAutomaton, stereotypes are provided as

means to extend the language in-place for developers of model processgsuch as code
generators). Consequently, evaluation of stereotypes is left to modgrocessing tools.

1 automaton  StatebasedMotorController { \
2 input Minutes ts;
3 input Float cur;

4 input Float max;

5 output Float speed,

6 variable Boolean stopLights;

7 variable Minutes t0 = System.now();

8

o states Idle, Stopping, <<log>> Error;

10 states  Accelerating, Decelerating;

11

12 initial Idle, Stopping / { speed = O, true };

13}

Listing 5.5: The automaton StatebasedMotorController introduces ve states

to operate on (ll. 9-10).

Following the notion of initial states in [Rum96], they are declared sejarately. Initial
state declarations begin with the keywordinitial followed by a list of state names and
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a single initial output per initial state declaration. Listing 5.5 decl ares that the states
Idle and Stopping are initial and that starting with one of these states initially assigns
0 to speed and the valuetrue to stopLights  (l. 12). De ning multiple initial states
is a form of underspeci cation that must be realized by the responsilte code generators
accordingly. Again, Automata derives that true should be assigned tcstopLights

via type matching and the curly brackets are optional.

5.1.5 Transitions

A transition declares a source state from which it originates, a target statethe automaton
reaches if the transition's guard holds and its stimuli are satis ed, ard actions in terms
of assignments. Generally, transitions have the form

Source -> Target [Guard] {Stimulus} / {Action};

whereSource and Target are names of the automaton's states. The guard is a Boolean
Java/P expression over the automaton's context. Stimulus is a set of valuations of the
form name = expression , wherename must be the name of an input or of a variable
and multiple valuations are separated by commas.Action is a set of assignments of
the form name = expression , where name must be the name of an output or of a
variable and multiple assignments are separated by commas as well. Thegtt-hand
side of valuations and assignments dxpression ) are Java/P expressions and may
reference data types. As target, guard, inputs, and outputs are optional Source; is a
valid transition as well. This transition describes an unconditional loop from Source to
itself that neither reads values, nor assigns values. If the square bckets of a guard are
present, the guard may not be empty. The same holds for the curly bradkts of inputs
and outputs.

Listing 5.6 illustrates part of a system to prohibit truck drivers f rom skipping breaks
by controlling a truck's speed based on the current maximum speed ahthe time since
the last break. To this e ect, the automaton TruckMotorController de nes multiple
transitions to describe when the system should accelerate, deeshte, and stop (Il. 14-
33). The rst transition (Il. 14-15) de nes that the automaton should switch from state
Idle to Accelerating when the current speed (provided via inputcur ) is less than
the current maximum speed (via input max) and the truck is driving for less than 240
minutes. In that case, it should increase speed by 10 and not ash the sip lights. To
check this, it de nes a guard with a Boolean Java/P expression over iputs cur , max,
and variable t0 . If the guard expression holds, the two assignmentspeed = cur
+ 10 and stopLights = false are applied and the automaton switches to state
Accelerating . The transition from state Decelerating to state Waiting (I. 26)
omits a guard but is enabled if the valuationcur = 0 holds, i.e., if the truck is standing.
If this holds, it switches to Waiting without assigning values to outputs or variables.
After waiting 60 minutes, the transition from Waiting to Accelerating (II. 28-31)
de nes that the truck starts driving again, it deactivates its stop li ghts, and the count
down to the next break starts again. The last transition (I. 33) denotes a bop from state
Accelerating to itself that increases speed if slower than the current speedrhit.
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

36 }

automaton  TruckMotorController {

input Minutes ts;

input Float cur;

input Float max;

output Float speed,

variable Boolean stopLights;
variable Minutes t0 = System.now();

states Idle, Stopping, <<log>> Error;
states  Accelerating, Decelerating;

initial Idle, Stopping / { speed = 0, true };

Idle -> Accelerating [cur < max && t0 - ts <= 240]
/ speed = cur + 10, false ;

Accelerating -> Decelerating [cur >= max]
/ speed = cur - 10, true ;

Accelerating -> Decelerating [tO - ts > 240]
/ speed = cur - 10, true ;

Decelerating -> Decelerating [tO - ts > 240]
/ speed = cur - 10, true ;

Decelerating -> Waiting cur = 0;
Waiting -> Accelerating [tO - ts >= 60]
[ { speed = cur + 10,
false ,
t0 = System.now() };

Accelerating [cur < max] / speed = cur + 10,

..

false ;

Listing 5.6: The automaton TruckMotorController

transitions to control a truck within speed limits.

5.1.6 Alternative Stimuli

contains multiple states and

Alternatives enable stimuli to react on di erent input values simi lar to a logical disjunc-
tion. While this behavior can be emulated with multiple transition s, alternatives reduce
the number of required transitions and hence improve the model'scomprehensibility.
Listing 5.7 illustrates an alternative in the stimulus of the automaton's rst transition

(I. 8). This transition is enabled, if the current value at mode s either 1 or 2. Specifying
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the valuations name (i.e., mode) is optional if it can be identi ed unambiguously via its
type. The values in alternatives may be sequences of expressiomgsted alternatives are
however prohibited.

automaton  BinaryMotorController {

input Integer mode;
output Boolean brake;

1
2
3
4
s states Idle, Accelerating;
6
7
8

initial Idle, Stopping / true ;
Idle -> Accelerating mode = alt {1,2} / false ;
9o I ..
10}
Listing 5.7: The automaton BinaryMotorController uses an alternative (. 9)

to enable a transition for alternative values.

5.2 Symbol Table

The Automata symbol table serves two purposes: it facilitates checking the wel
formedness of models as its entries capture the essence of modelthaut the AST in-
frastructure. This allows using automata in conjunction with other m odels without com-
bining their ASTs (and thus hindering evolution of the participatin g languages). To this
e ect, it consists of multiple entry types that represent parts of automata or data types in
terms of the Automata language. Providing its own type system decouples it from exist-
ing type systems, yet enables easy integration via adaptation [LNPR 13, HLMSN* 15].
Similar to visibilities in object-oriented programming languages, wtere selected items of
a class are hidden from the remaining system (for instance using thikeyword private ),
the Automata symbol table hides initial state outputs, guards, stimuli, and actions.

Figure 5.3: An excerpt of the Automata symbol table entries.
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Figure 5.4: The Automata language family.
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The main symbol of Automata models is the AutomatonEntry  depicted in Fig-
ure 5.3 that contains the most important elements of an automaton. It features a
set of states in form of StateEntry instances, which have a name, and indicate
whether the represented state is initial and whether it has an iniial output. The
AutomatonEntry  also contains the automaton's context in terms of FieldEntry
instances that are either inputs, outputs, or variables. EachFieldEntry has a type
represented by anAutomataTypeEntry  that has a name, methods, and elds. The
latter are FieldEntry  instances again.

Automata employs an object-oriented type system. Adaptation enables integra-
tion with the MontiArcAutomaton ADL as well as employing the Java/P type ch ecking
mechanisms. Therefore, analyses, such as context condition checksan reason over
such types without being closely tied to the Java/P type system. The Java/P mech-
anisms are unaware ofAutomata type entries and hence, adaptation is required to
exploit the Java/P well-formedness checks. TheAutomata language family is depicted
in Figure 5.4. It combines the Automata language with Java/P and class diagrams of
UML/P. Automata extends the MontiCore Common language, which provides various
fundamental productions (such as types and literals).

The Automata language also allows using class diagram types and provides corre-
sponding adapters from and to class diagram type entries as well. This appach uses
symbol table entries only, thus changes to a language's syntax are transpant to lan-
guage integration. Furthermore, integration of other data types languages, sch as C++
or Python, for expressions and types, requires proper adapters only. fe adaptation
from Automata inputs, outputs, and variables to MontiArcAutomaton ports and vari-
ables follows the same pattern and employs adapters betwegkutomata  eld entry and
ports and betweenAutomata type entries and MontiArcAutomaton type entries. That
adaptation is part of the behavior language integration explained in Section 4. Prior
to that, the intra-language context conditions check well-formednessf stand-alone Au-
tomata models based on their AST and symbol table entries. The next sectionnesents
these context conditions.
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5.3 Context Conditions

Well-formedness of Automata models is checked with context conditions that rely on
the checked model's AST and symbol table entries. These context calitions are based
on the context conditions developed for a previous version of this languagelRRW14a]
and have been re ned in a Master's thesis [Sch14]. Similar to the MatArcAutomaton
ADL context conditions, they are grouped into four categories as well [RRWL4a].

5.3.1 Uniqueness Conditions

The uniqueness conditions ofAutomata guarantee that the names of language elements
are unique and restrict use of modeling elements where appropriaterhis, for instance,
includes prohibiting multiple states, inputs, outputs, and vari ables of the same name.
Violation of uniqueness conditions produces errors unless noted otheise.

AU1: The name of each state is unique.

De ning multiple states of the same name is a source of errors, espeadly when used
in conjunction with di erent stereotypes. To avoid such confusion, Automata prohibits
models with multiple states of the same name. Listing 5.8 shows an autoaton with two
state declarations (ll. 4-5) that each de ne a state namedExplaining . Furthermore,
the third state declaration (l. 6) de nes two states of name Idle

1 automaton HRI { \
2 input  String userlnput;
3 output String systemOutput;

4 states  Explaining; @ /| Duplicate state 'Explaining'.

s states  Explaining; @ /| Duplicate state 'Explaining'.

e sStates Idle, Idle @ // Duplicate state 'ldle".

7 initial Idle;

8 }

Listing 5.8: The automaton HRI de nes multiple states of the same name (ll. 4-6).

AU2: Each state is declared initial at most once.

Each state should be declared initial at most once. As declaring a state itial multiple
times does not obstruct the meaning of it being initial, this context condition produces a
warning only. Listing 5.9 illustrates the automaton Logging that contains three initial
state declarations (Il. 4-6). The rst declaration designates the stateFile to be initial
twice and hence produces a warning accordingly. The second and thirchitial state
declarations (ll. 5-6) each declare the stateCloud to be initial and therefore produce
warnings as well.
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1 automaton Logging { \
2 input String message;
3 states  Screen, File, Cloud;
4 initial File, File; L /[ 'File' multiply initial.
s initial Cloud; L. // 'Cloud" multiply initial.
6 Initial Cloud; & // 'Cloud" multiply initial.
7
}

Listing 5.9: The automaton Logging declares the statesile (I. 4) and Cloud as
initial multiple times (ll. 5-6).

AU3: The names of all inputs, outputs, and variables are unique.

De ning multiple inputs, outputs, or variables of the same name leadsto underspec-
i cation when using these in stimuli or actions. Hence, it is prohibited to have inputs,
outputs, and variables of the same name. Listing 5.10 depicts a violation ofttis context
condition: The automaton Buffer uses the namedata for an input (I. 2), for an output
(I. 3), and for a variable (I. 4).

automaton  Buffer {

1
2 input Integer data; @ // 'data’ multiply defined.
3 output Boolean data; @ // 'data’ multiply defined.
4 variable String data @ // 'data’ multiply defined.
s states  Buffering;

6 initial Buffering;

7

}

Listing 5.10: The automaton Buffer de nes an input (I. 2), an output (I. 3), and a
variable (I. 4) of the same name.

5.3.2 Convention Conditions

The convention conditions of Automata check the well-formedness of names and au-
tomata structure. Convention conditions produce warnings unless sited otherwise.

AC1: The automaton has at least one input.

Automata without inputs are rarely useful and omitting inputs might hi nt at issues.
Hence, Automata produces warnings for models without inputs as illustrated in List-
ing 5.11. The depicted automatonColorSensor de nes no inputs and consequently,
Automata produces a warning (l. 1).
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1 automaton ColorSensor { L. /I No inputs.

2 output Color color;

s states Offline, Measuring;
4 initial Offline;
5

Listing 5.11: The automaton ColorSensor  provides no inputs.

AC2: The automaton has at least one output.

Automata models without outputs cannot produce observable output behavior and
hence are also rarely useful. ThereforeAutomata prohibits such models as well. List-
ing 5.12 displays an automaton without inputs and the corresponding warmg (I. 1).

1 automaton  BinaryMotor { L. /I No outputs.

2 input Boolean run;
states  Offline, Online;
initial Offline;

(S I N ]

Listing 5.12: The automaton BinaryMotor  declares no outputs.

AC3: The automaton has at least one state.

Trivially, automata without states cannot produce any input-output be havior. Thus,
Automata produces an error for such models. Listing 5.13 shows an automaton without
states and the corresponding error. The automatonStatelessBuffer de nes two
inputs (ll. 2-3) and an output (I. 4), but no states.

1 automaton  StatelessBuffer { @ // No states.

2 input Boolean store;
3 input Data data;

4 output Data result;
5

}

Listing 5.13: The automaton StatelessBuffer de nes no states.

AC4: The automaton has at least one initial state
Automata models must de ne at least one initial state. Otherwise, the automaton

will never activate, and hence, produce no output behavior. This ontext condition also
produces an error. The automatonMapBuilder given in Listing 5.14 de nes multiple
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inputs and outputs (Il. 2-5) and a single state Storing (. 6). It omits declaration of
any initial states and hence,Automata produces the depicted error (I. 1).

1 automaton  MapBuilder { @ // No initial states. \
2 input Pose pose;
3 input Obstacle obstacle;

4 input Float probability;

5 output Map updatedMap;

e States  Storing;

7

}

Listing 5.14: The automaton MapBuilder declares no initial states.

ACS5: The automaton's valuations and assignments use only allowed Java/P model-
ing elements.

The Java/P modeling language allows recreating all language elements of Javl.5.
Hence, it features control structures, conditional expressions, andurther elements un-
suitable for stimuli and actions. This context condition therefore restricts the right-hand
sides of valuations and assignments to the following well-de ned exssions, which are:

Array access:data[0]

Class cast: (Float) data[0]

Field access:data.length

In x expression: data[0] + 1

Object instantiation: new Integer(3)
Method invocation: data.clone()[0]
Parenthesized expression(data[0] + 1)
Pre x expression: ++data[0]

Names: X

and all type-compatible values.

Where the examples hold for aFloat input, output, or local variable x of the au-
tomaton and an array data of type Integer . Automata reuses all Java/P context
conditions related to these expressions.

Listing 5.15 illustrates the error resulting from using a prohibited expression with
the automaton PersonFollower . The automaton contains a transition from its state
Idle to its state Following that is enabled if the value of startFollowing is true.
It uses an embedded conditional expression of the Java/P as assignment fts output
speed (Il. 9-10).
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1 automaton  PersonFollower {

boolean  startFollowing;
input  Float dist;

output Integer speed;
states Idle, Following, Lost;

© o N o 0 A~ w N

initial Idle;
Idle -> Following true
/ speed = if (dist < 2) { speed; } @ /I Prohibited
10 else { speed + 2 } /I expression.
u oL
12 }
Listing 5.15: The automaton PersonFollower uses a prohibited Java/P

conditional expression for an assignment (ll. 9-10).

AC6: The names of automata start with capital letters.

Each Automata model de nes a speci c automaton type of the modeled structure.
Hence, similar to components in MontiArcAutomaton or classes in Java,Automata
expects these to start with a capital letter. If the name starts with a lower-case letter,
Automata issues a warning as depicted in Listing 5.16.

1 automaton  robotArm { i/ Automata start upper-case

2 .
3}

Listing 5.16: The automaton's name begins with a lower-case letter (I. 1).

AC7: The names of inputs, outputs, and variables start with a lower-c ase letter.

Inputs, outputs, and variables resemble ports of the MontiArcAutomaton ADL or
elds in GPLs. Consequently, Automata expects these to start with a lower-case letter.
Inputs, outputs, and variables starting with a capital letter produ ce warnings accord-
ingly. Listing 5.17 illustrates the warnings arising from inputs (l. 2), outputs (I. 3), and
variables (I. 4) with names that begin with capital letters.

ACS8: State names begin with a capital letter.
For better comprehensibility and distinction between inputs, outputs, variables, and

states, Automata expects state names to start with a capital letter. State names start-
ing with lower-case letters produce a warning as displayed in Liing 5.18. The depicted

101



Chapter 5 A Behavior Language with I/O ' Automata.
1 automaton  Scheduler { \
2 input Proc[] Procs; i /I Inputs start lower-case.
3 output Proc Next; . /I Outputs start lower-case.
4 variable Proc[] Buf; k. /] Variables start lower-case.
s states  Scheduling, Error;
6 Initial Scheduling;
7
}

Listing 5.17: Automaton Scheduler contains an input, an output, and a variable
of names starting with capital letters (Il. 2-4).

automaton ToastService de nes two states of which the second statetoasting
(I. 4), begins with a lower-case letter. For this, Automata produces a warning.

1 automaton  ToastService { \
2 input Integer numToasts;
3 output Error message;

4 states Idle, toasting; i. /| States start upper-case.

s initial Idle;

6 }

Listing 5.18: Automaton ToastService  de nes the state toasting  that starts
with a lower-case letter (l. 4).

5.3.3 Referential Integrity Conditions

The referential integrity context conditions of Automata ensure the well-formedness of
references to modeling elements. This includes checkingfezences for missing inputs,
outputs, variables, and states as well as considering their directior{e.g., for references
to inputs and outputs) correctly. Referential integrity context ¢ onditions produce errors

unless stated otherwise.

AR1: Names used in guards, valuations, and assignments exist in the automaton .

Names used in guards, valuations, and assignments refer to inputs, outps, or vari-
ables. Consequently, referencing inexistent inputs, outputsor variables obviously is a
mistake that entails incomplete and erroneous automata. ConsequentlyAutomata re-
jects such models and raises errors. Listing 5.19 displays the autona LaneFollower
that contains a transition (ll. 7-8) referencing a inexistent input or variable (whether an
input or a variable is missing, cannot be inferred from the namestart as it might ref-
erence to both). AsAutomata employs Java/P expressions on transitions, this context
condition also checks names used in such expressions.
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1 automaton LaneFollower { \
2 input Color lane;
3 output Integer speed,;

4 states Idle, Follow, Lost;

5 initial Idle;

6

7 Idle -> Follow [lane == RED && start] @ /I Unknown input or

8 / speed = 3; /I variable 'start'.

o I ..

10 }

Listing 5.19: The automaton LaneFollower  contains a transition from Idle to
Following  that contains a guard referencing the missing input or
variable start  (ll. 7-8).

AR2: Inputs, outputs, and variables are used correctly.

Automata models may de ne transitions featuring guards, stimuli, and actions
Guards and stimuli may read values from inputs and variables only, whié actions may
assign values to outputs and variables only. This prohibits that an automatonreads its
own output as well as that it writes to its inputs. Both may lead to self-cycles and is
rarely useful.

automaton CoffeeService {

1

2 input Integer numcCoffees;

3 input Integer strength;

4 output Error msg;

5 output Pose next;

e sStates Idle, Preparing, Deploying;
7

8

9

initial Idle;

Idle -> Preparing [msg == "] @ // Reading from output.
10 / next = new Pose(3,4,5);
11
12 Preparing -> Idle numCoffees = 0 @ /[ Writing to input.
13 / strength = 10;
oL
15 }

Listing 5.20: The automaton CoffeeService contains two transitions: one (ll. 9-
10) reads from the output msg, the other (ll. 12-13) assigns a value to
the input strength

The automaton CoffeeService depicted in Listing 5.20 displays two transitions.
The rst transition (Il. 9-10) is enabled if the value of the output msg is the empty
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string. This comparison is prohibited and produces the illustrated error. The second
transition (Il. 12-13) assigns the valuelO to the input strength , which is also forbidden.
In consequenceAutomata  produces a second error.

AR3: Used states exist.

Similar to inputs, outputs, and variables, the states used as initialstates or referenced
by a transition must exist for the automaton to be well-formed. The context condition
AR3 ensures this by producing errors for initial state declarations am transitions using
unde ned states. Listing 5.21 shows the resulting errors from deering the inexistent
state Idle to be initial (I. 5) and from using this state in a transition (l. 7).

1 automaton  WindowController { \
2 input Float temp;
3 output WindowState state;

4 states  Working;

s initial Idle; @ /I Inexistent state 'ldle'.

6

7 Working -> Idle [temp < -100]; @ /I Inexistent state 'ldle".

s Il ..

o}

Listing 5.21: The automaton WindowController uses the inexistent stateldle
in an initial state declaration (I. 5) and in a transition (I. 7).

AR5: Types of valuations and assignments without names are unambiguous.

Automata allows omitting the names of valuations in stimuli and the names of as-
signments in actions if the type of the right-hand side matches unamiguously to the
type exactly one corresponding input, output, or variable. In case ths is ambiguous,
Automata cannot derive the intended names and raises errors. Listing 5.22 shoviso
erroneous transitions with ambiguous assignments: the stimulus of therst transition
(I. 11) is enabled if the valuetrue holds. However,true is of type Boolean and
hence may be read from the inputstart (I. 2) or from the variable paused (l. 5).
Consequently,Automata produces an error (l. 11). The action of the second transition
(I. 12) assigns the valuesl and 2. This is ambiguous as well as both may be assigned
either to the outputs x, y (Il. 3-4), or to the variable step (I. 6). Therefore, Automata
produces another error (. 12).

5.3.4 Type Correctness Conditions

The type correctness context conditions ofAutomata  ensure correct usage of typed el-
ements. This includes inputs, outputs, variables, valuations, andassignments. Violation
of type correctness conditions raises errors.
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automaton  AssemblyController {

1
2 input Boolean start;

3 output Integer v;

4 output Integer Xx;

s variable Boolean paused;
6 variable Integer step;

7

8

9

states  Init, Work;
initial Init;
10
1 Init -> Work true [/ x =3,y = 4 @ // Ambiguous stimulus.

12 Work -> Init paused = true [/ 1, 2; @ /I Ambiguous action.

13}

Listing 5.22: The automaton AssemblyController contains a transition with an
ambiguous stimulus (I. 11) and another transition with an ambiguous
action (I. 12).

AT1: Guard expressions evaluate to a Boolean truth value.

The guards of transitions represent logical expressions that restricivhen transitions
are enabled. As such, they ultimately must evaluate to a truth value. As Automata
operates on binary truth values, its transition guards must evaluate toa Boolean value.
The IrrigationController depicted in Listing 5.23 contains a transition from state
Working to itself (I. 7). This transition features with a guard that does not evaluate
to a Boolean truth value and is erroneous as marked byAutomata . The evaluation is
performed using the Java/P type checking framework.

automaton IrrigationController {

1

2 input Float aridity;
3 output Boolean water;
4 states  Working;
5
6
7
8

initial Working;

Working [aridity + 1] / true ; @ // Non-Boolean guard.

}

Listing 5.23: The automaton IrrigationController contains a transition with
non-Boolean guard (I. 7).

AT2: Types of valuations and assignments must match the type of the assigned
input, output, or variable.

The types of valuations of stimuli must conform to the type of the referenced input or
variable. Similarly, the types of assignments of actions must conform tahe type of the

105



Chapter 5 A Behavior Language with I/O Automata.

referenced output or variable. To ensure this,Automata evaluates the right-hand side
of valuations and assignments and compares the resulting type to theirelft-hand side
using the type checking framework of the Java/P (see Section 2.2.1).

automaton ElevatorCabinController {

1

2 input Integer floor;

3 input Boolean fl1Pressed,;
4 input Boolean fl2Pressed;
s output Direction dir;

6 variable Integer prevFloor;
7
8
9

states  Wait, Drive;

initial Wait / prevFloor = "N/A"; @ /I Incompatible assignment.
10
11 Wait -> Drive floor = "1", @ /| Incompatible valuation.
12 fl2Pressed = true
13 / dir = UP,
14 prevFloor = 1;

15
16 Wait -> Drive floor = 2,

17 fllPressed = true

18 [ dir = true , @ // Incompatible assignment.

19 prevFloor = 2;

20 I ..

2}

Listing 5.24: Automaton ElevatorCabinController contains two incompatible

assignments (Il. 9,18) and one incompatible valuation (Il. 12-14).

The automaton ElevatorCabinController of Listing 5.24 features an initial out-
put and two transitions to describe the behavior of an elevator cabin running between
two oors. The initial output of state Waiting (l. 9) assigns theString value "N/A"
to the Integer  variable prevFloor . The rst transition (Il. 11-14), features a stimulus
with an invalid valuation as it compares the expression"1l" of type String  with the
input floor of type Integer . The second transition (Il. 16-19) features an action with
an incompatible assignment to the outputdir of type Direction , which it assigns the
Boolean valuetrue to.

AT3: The special literal value NoData is not used for variables.

The special literal NoData (denoted\-- ") represents the absence of messages between
two time slices for timed streams (cf. Section 2.4). Its use with vaiables is prohibited.
Listing 5.25 shows the automatonAlarmController that controls a time-based alarm
system that supports manual overriding (input over ) and stores the latest override in
the variable latest . The automaton features an initial output (I. 8) and two transitions
(Il. 10-13) that violate this context condition: The initial output and the rst transition
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(Il. 10-11) assignNoData to latest . The second transition (I. 13) readsNoData from
latest

automaton  AlarmController {

1
2 input Time t;

3 input Boolean over;

4 output Boolean activateAlarm;
s variable Time latest;
6
7
8
9

states  Off, On;
initial Off / latest = --; @ /I Assigning -- to variable.

1o Off -> On [t > 1800 && !over] @ /I Assigning -- to variable.
1 [ false , latest = --;

12
13 Off -> On latest = -- / true ; @ // Reading -- from variable.

w oL
15 }

Listing 5.25: The automaton AlarmController assigns the special literaNoData
to variable latest  (ll. 8, 11) and comparesNoData to it (I. 13).

5.4 A Transformation on the Automata AST

Automata features a single model transformation that is applied prior to its conext
conditions. This transformation identi es names of stimuli and actions where these
haven been omitted due to the unambiguous matching of the assigned exgssion’s types
(cf. Section 5.1.6). It determines the type of the assigned expressis via adaptation to
Java/P entries and employing the Java/P type evaluation mechanism. If a name of an
input, output, or variable - depending on the expression's source - omatching type is
found and unambiguous, it is added to the stimulus or action accordingly. h case no
matching name is found, the transformation aborts model processing.

5.5 Integrating Automata into MontiArcAutomaton

Automata models can be integrated into MontiArcAutomaton ADL components us-
ing the integration mechanisms presented in Section 4.2. Using theseequires inte-
gration of an Automata non-terminal production into the MontiArcAutomaton ADL
BehaviorModel extension point as well as symbolic adaption and integration of spe-
ci ¢ inter-language well-formedness rules. This enables de niton of integrated models as
depicted in Listing 5.26. Here, theAutomata model parts embedded afterbehavior

(Il. 16-34) describe various transitions that reference inputs and outpts to read and
write data. As the embedded automaton operates in the context of a componentthe
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names of these inputs and outputs must be interpreted as ports and vaables of the
surrounding component.

1 package architecture;

2

3 import  bumperbotmodels.types.TimerCmd;
4 import  bumperbotmodels.types.TimerSignal;
s import  bumperbotmodels.types.MotorCmd;

6

7 component BumpControl {
g  port

9 in Integer distance,
10 in TimerSignal signal,
1 out TimerCmd timer,
12 out MotorCmd right,
13 out MotorCmd left;

14
15 behavior automaton {

16 state idle, driving, backing, turning;

17

18 initial idle / {right=MotorCmd.STOP, left=MotorCmd.STOP};
19

20 idle -> driving [ocl:distance < 1] /

21 {right = MotorCmd.FWD,
22 left = MotorCmd.FWD};
23

24 driving -> backing [ocl:distance < 5] /

25 {right = MotorCmd.BWD,
26 left = MotorCmd.BWD,
27 TimerCmd.DOUBLE};

28

29 backing -> turning {TimerSignal. ALERT} /

30 {right = MotorCmd.FWD,
a1 TimerCmd.SINGLE};

32

33 turning -> driving {TimerSignal. ALERT} /

34 {left = MotorCmd.FWD};
s}

36 }

Listing 5.26: The component BumpControl contains an embedded Automata
model with four states and four transitions (Il. 15-35).

Integration changes consideration of the dynamic semantics ofiutomata performing
in MontiArcAutomaton ADL components regarding Focus timing and modi cation
the static semantics via integration-speci ¢ well-formedness riles. This section rst
discusses the semantics ofutomata that are integrated into MontiArcAutomaton
ADL components and describes the required integration artifacts aftewards.
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5.5.1 Semantics of Integrated Automata Models

Stand-aloneAutomata models are executed in cycles. In each cycle, an automaton reads
all values from its inputs and variables, evaluates its guards, res up b one transition,
changes state, and writes new values to its outputs and variables. Adutomata are
intended to describe behavior or a software part, reading values and sting values are
conceived sequentially. Thus, each iteration of an automaton's cycle aaally consists of
an ordered sequence of computation steps.

Two di erent dynamic semantics for Automata models are introduced in [RRW14a]:
the automata can be interpreted time-synchronously or event-drivé. The former reacts
once messages on all inputs are available; the latter reacts once the réput is available.
For integration, we assume the time-synchronous interpretation and ierpret the indi-
vidual steps of an automaton's read-compute-write cycle as \untimed caually-related
actions" [Lee10] happening in the superdense time of a singleocus time slice as intro-
duced in Section 4.2.4. Embeddeddutomata models also operate in another context
than stand-alone models. The former operate in a component. Thus theyecteive inputs
via incoming ports and component variables and write outputs to outgoing ports and
component variables. Enabling this requires access to ports and compent variables.
Embedded automata also may access the con guration parameters and type pame-
ters of the embedding component. These changes in static semanticseadescribed by
adaptation and well-formedness rules as introduced Section 4.2.2. Therealization for
automata is presented next.

5.5.2 Integration Infrastructure

Embedded Automata models reference ports and variables to read and write val-
ues. Thus declaration of automaton inputs and outputs must be prohibited and the
references to these on transitions must be interpreted accordingl We solve the for-
mer by embedding only the production AutomatonContent  of the Automata gram-
mar (cf. Listing A.1) into MontiArcAutomaton ADL components. As inputs, outp uts,
and automaton variables are part of AutomatonContext , which is underivable from
AutomatonContent , prohibiting these does not require context conditions. Changing
the meaning of names on transitions requires adapters from ports and compent vari-
ables to inputs, outputs, and automaton variables. These adapters reselte the adapters
between FSM elds and ports as depicted in Figure 4.9. With these two adapters in
place, all context conditions regarding inputs, outputs, and automaton vatiables are
automatically applied to ports and component variables. Besides spegifng which pro-
duction to embed and providing adapters, integration of Automata into the MontiArc-
Automaton ADL also requires to specify how to create, qualify, resolve and deserialize
Automata symbol table entries. As explained in Section 4.2.2, the correspondingnod-
ules of Automata can be reused without modi cation. Furthermore, the work ow of
the Automata AST transformation (Section 5.4) must be registered with the Monti-
ArcAutomaton ADL family as well.
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1 hame "automaton”

2 behavior  "Automata.AutomatonContent"

3 tool new AutomataTool()

4 adapter new AutomataType2TypeReferenceAdapter();
s adapter new TypeReference2AutomataTypeAdapter();
6 adapter new Port2AutomataFieldAdapter();

7 adapter new Variable2AutomataFieldAdapter();

s adapter new AutomataField2JavaFieldAdapter();

9 adapter new JavaType2AutomataTypeAdapter();

Listing 5.27: Groovy behavior con guration model for embedding part of the
Automata language.

Listing 5.27 illustrates the Groovy behavior con guration model to embed Automata
models into MontiArcAutomaton. After declaration of parser discriminator and model
keyword automata (l. 1), it speci es to embed the AutomataContent  production (I. 2)
and uses theAutomataTool to provide information about symbol table infrastructure,
context conditions, and work ows (l. 3). Afterwards, the model species six adapters.
The rst two adapters (Il. 4-5) adapt between data type symbols of both languages. The
second two adapters (Il. 6-7) adapt between automaton elds and ports and vaables
of components. The last two adapters adapt betweerAutomata symbols and Java/P
symbols, which is required to reason about expressions on transitian

5.6 Discussion

The Automata behavior language enables describing state-based input-output bekieor
of components platform-independently. The language implements a vaaint of /0 ' au-
tomata [Rum96] and conforms to theFocus [BS01, BR07, RR11] messaging semantics.
Modeling with Automata requires comprehension of few modeling elements only, but
describes component behavior in a structured way that is better arenable to analyses
than GPL implementation. This comes at the cost of expressiveness:nicontrast to
UML Statecharts [OMG10], Automata cannot represent hierarchies. While this is not
necessary as hierarchical composition is possible on component levetete also are var-
ious component kinds, for which better behavior modeling formalisms than state-based
automaton behavior may exist. Describing the behavior of componentsnterfacing soft-
ware libraries, APIs, or frameworks to interact with hardware, operating system func-
tionalities, or to perform complex calculations currently seems be rore e cient with
GPL implementations. For components with behavior speci c to certain contexts, other
modeling languages are better suitable. As MontiArcAutomaton enables devepers to
describe the behavior of components either with GPLs or the most-apppriate modeling
languages, selection of the best formalisms is up to the application modirs.
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Chapter 6

Reusable Architectures through Bindings
and Libraries

Architecture should speak of its time and place,
but yearn for timelessness.

Frank Gehry

Enabling reuse is crucial to engineering. Without the reuse enabl by standard-
ization of parts and components, many disciplines, such as civil engirging, electrical
engineering, or mechanical engineering would have ourished less. Mever, according
to a recent survey on architecture language usage [MLM13], \reuse is not commonly
performed during architecting activities" and the most common form of structured reuse
is reusing component de nitions or realizations (29% of the respondenis

With the MontiArcAutomaton ADL, we aim for two dimensions of reuse. First, it
enables reusing components in multiple architectures. Secondt also facilities reusing
complete architectures via interface components. For the latter, v developed concepts
of component replacement that are realized as a modeling language and a M2Mansfor-
mation. While both dimensions facilitate component maintenance and evaltion e orts,
the former is a common feature of C&C ADLs. This chapter therefore intraduces the
modeling language and transformation to develop and reuse platform-indegndent soft-
ware architectures models as illustrated in Section 3.3.2.

The MontiArcAutomaton modeling language family introduced in Chapter 4 enables
a pervasive model-driven engineering of C&C software architectugs with exchangeable
behavior languages and platform-independent as well as platform-spea components.
Platform-independent components either are composed or contain behaw models and,
hence, can be translated to arbitrary target platforms. However, a typical application
requires components that interact with GPL artifacts to wrap operating system func-
tionalities, libraries, or APIs as well. Interfacing such artifacts is often not supported by
abstract and concise modeling languages [MHSO05]. Thus, component applicati pro-
grammers and implementation library providers have to develop compoant behavior
implementations in form of GPL artifacts. This gives rise to notational noise [Wil01]
and accidental complexities [FRO7]. Furthermore, these behavior implementations tie
the components using the contributed GPL behavior implementatiors, and with it the
complete software architecture, to the employed GPLs. While thisis less important if
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the logical software architecture is intended to be used for a singlearget platform, it
hampers reuse with di erent target platforms (Req. MRQ-8) severely. Reusing an archi-
tecture containing platform-speci ¢ components tied to a speci ¢ GPL with other target
platforms not supporting that GPL could be enabled by leaving out these components,
hence creating \holes" in the architecture, lled by platform-speci c components prior
to code generation. Such holes represent extension points of the pfatrm-independent
software architecture, but introduce structural incompleteness to the software architec-
ture. Such incompleteness renders validating an architecture'sntegrity prior to code
generation impossible, therefore MontiArcAutomaton aims to avoid this (Req. MRQ-9).
Instead, a mechanism to represent such extensions points has totegrate into the C&C
nature of MontiArcAutomaton. This either requires introducing new | anguage elements
to the MontiArcAutomaton ADL or to provide a solution apart from the ADL. In both
cases, the implementations of the extension points need to be spes prior to code
generation as the generated code relies on using the platform-speciimplementations
to compute component behavior. This information cannot be part of the softvare archi-
tecture model without tying it to speci ¢ GPLs or platforms, thus i t needs to be stored
in separate artifacts.

Our concept to architecture reuse relies on modeling the platforrrindependent ar-
chitecture with interface components where modeling behaviord unfeasible. Applica-
tion con guration models reference such abstract architectures and dscribe how the
interface components are replaced by inheriting components for a ctin platform.
MontiArcAutomaton processes these application con guration models prior to well-
formedness checking and performs the replacement model transfoations. As the
platform-independent architecture before applying replacementransformations is a valid
MontiArcAutomaton ADL model, it can be resued without modi cations as req uired
by Req. MRQ-8.

This approach enables application modelers to engineer logical, platforamdependent
architectures containing interface components and to transform thes to platform-speci c
architectures by binding the interface components to platform-sgeci c, parametrized
component types. Therefore, the architecture modeler developshe architecture to
contain interface components frominterface libraries developed by interface library
providers. Afterwards, the implementation library provider dev elops properimplemen-
tation libraries . These realize interface libraries with platform-speci c componats ex-
tending their interface components. With application con guration models, the ap-
plication modeler con gures how the interface subcomponents shoulde replaced. In
the end, MontiArcAutomaton processes the application con guration modek, the ref-
erenced platform-independent software architecture, and librarycomponents to trans-
form the platform-independent architecture into di erent platf orm-speci c architectures
according to the bindings. From these models, MontiArcAutomaton can gengate exe-
cutable systems. Figure 6.1 depicts the prime binding constituets and their relations.
The platform-independent architecture uses platform-indepenent and interface library
components only. The transformed platform-speci ¢ architecture uses platform-speci c
implementation library components only. The application con guration de scribes how
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) R

Figure 6.1: The most important constituents of bindings and their relations.

to derive the transformed, platform-speci c architecture from th e platform-independent
architecture in terms of bindings.

This chapter introduces bindings, interface components, platformspeci c components,
and outlines the binding transformation in Section 6.1. Afterwards, Setion 6.2 intro-
duces interface libraries, implementation libraries, and three gample libraries. Sec-
tion 6.3 describes how MontiArcAutomaton applies bindings. Finally, Section 6.4 dis-
cusses observations and related approaches.

6.1 Modeling Platform-Independent Architectures

Behavior of MontiArc components is either speci ed by a correspondiig GPL behavior
artifact in the target platform GPL or emerges from their subcomponents' interaction.
MontiArcAutomaton o ers a third way to specify component behavior with embedded
component behavior models. Furthermore, it introduces means toxglicitly reference be-
havior implementation artifacts in primitive component types with out behavior model
(cf. Section 4.1). In the following, the umbrella term behavior description covers all
mechanisms of MontiArcAutomaton to denote component behavior of atomic compo-
nents, i.e., component behavior models as well as explicit and imjgit references to
implementation artifacts (see Section 2.4).

Modeling platform-independent architectures without structu ral underspeci cation re-
quires means to describe the existence of components with platforspeci ¢ behavior
without tying the architecture to a specic platform. MontiArcAutom aton therefore
introduces the notion of interface components (cf. Section 4.1.1), which act as archi-
tecture extension points. Such components follow the general concepf interfaces in
object-oriented software engineering, i.e., they can be used at ardeicture design time
to describe properties expected from realizations, but they cannote used to create
executable systems. Instead, they need to be realized by platforrapeci ¢ components
that extend the interface component to be replaced. We de ne inteface components as:
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Figure 6.2: The NavigationBot is a variant of ExplorerBot  (Figure 3.2) with an
additional hierarchy level. Port names and types are omitted for clarity.

De nition 2  (Interface Component). An interface component is a component without
subcomponents, behavior model, or component behavior ingphentation reference.

Thus, the interface components of MontiArcAutomaton resemble componentinter-
faces [KGO' 01, BCL* 06, FG12] or component hulls [SSL11]. As they do not prescribe
any form of component behavior, they can be used for modeling and analysjgurposes,
but not for code generation. Ultimately, an interface component neither has ties to a
GPL, nor to a target platform, but de nes the model elements MontiArcAu tomaton
requires to validate the containing architecture. This allows softvare architectures that
contain interface components mixed with platform-speci c componens. This is useful if
the architecture is intended to work with a single GPL but multip le di erent components
for similar purposes (for instance, to easily exchange one sensor compamnéor another).
In contrast, we de ne platform-speci c components as:

De nition 3  (Platform-Speci c Component). Platform-speci c components are atomic
components without behavior models, which declare confoance to a run-time environ-
ment.

The NavigationBot depicted in Figure 6.2 is a variant of the software architecture
ExplorerBot  (cf. Figure 3.2) that relies on the interface components distance sens
and two motors to explore an unknown area. Contrary to ExplorerBot , the robot's
Controller is connected to a composed componeravigationControl instead of
being directly connected to two Motor instances. The Controller sends high-level
movement commands to thenavcontrol instance that uses an instance of compo-
nent type Navigator to translate these into commands for two motors. The interface
componentclock provides an incoming port of CD type TimerCMD (cf. Figure 2.8), an
outgoing port of CD type Boolean , and a con guration parameter of CD type Integer
(here instantiated with value 10).
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1 interface component Timer[Integer offset] { \
o
3 in  TimerCmd cmd,

4 out Boolean signal;

5 }

Listing 6.1: The interface component Timer with con guration parameters and
ports of platform-independent CD types.

The textual representation of interface components (cf. Listing 6.1) kegins with the
keyword interface followed by a component de nition and a body that may con-
tain ports only. Obviously, interface components may not contain componat behavior
descriptions or references to run-time environments. The Mon#rcAutomaton ADL con-
text conditions (cf. Section 4.1.4) take care to reject such malformed radels. Interface
components are subject to inheritance and both, interface componentand platform-
speci ¢ components, may inherit from interface components. It is,however, not allowed
to de ne interface components that inherit from platform-speci ¢ c omponents as inher-
itance could propagate platform-speci ¢ properties of the super type. Such models are
rejected by MontiArcAutomaton ADL context conditions as well.

With MontiArcAutomaton transforming software architectures to de ne on ly a single
subcomponent per subcomponent declaration (cf. Section 4.1.5), a binadg is a mapping
from an interface subcomponent to a platform-speci ¢ subcomponent. t consists of
a source, identifying a subcomponent in the architecture's subemponent hierarchy to
be replaced, and of a target, describing how it should be replaced. Tehlatter consists
of a platform-speci ¢ components and corresponding con guration argumens. Hence,
together with the instance name of the subcomponent to be replaced, aihding's right-
hand side describes a new subcomponent.

De nition 4  (Binding) . A binding for a MontiArcAutomaton software architecture A

type matches the type of;.
with i;n;m;k 2 N.

The subcomponent paths = ( Sp:::Sm) unambiguously identi es a subcomponents by
following the sequence of subcomponent names through the subcompondnerarchy of

115



Chapter 6 Reusable Architectures through Bindings and Libr aries

A. The context conditions MontiArcAutomaton inherits from MontiArc (cf. [ HRR12])
prohibit multiple subcomponents of the same name in a composed compongn.e., on
each level of the subcomponent hierarchy. In consequence each preots is unambiguous
and, hence,s is. Given the component type NavigationBot depicted in Figure 6.2,
valid subcomponent paths are (sensor), (clock), (controller), (sesor), (havcontrol), (nav-
control,navigator), (navcontrol,left), (navcontrol,right). Furth ermore, requiring that the
platform-speci ¢ component T inherits from the interface component T allows adding,
platform-speci ¢ con guration parameters to the platform-speci ¢ sof tware architecture
without adding it to the platform-independent architecture and he nce ful lls Req. MRQ-
8.1. As T can be composed, its behavior can be composed from arbitrary subcomponent
as required by Req.MRQ-8.3. We write sp:S1:::Sm to denote the subcomponent path

more, we omit empty lists of con guration arguments where appropriate, sich that s !
t describes the same binding as § ().

We employ bindings to de ne transformations of platform-independen software ar-
chitectures into platform-speci ¢ software architectures. To transform the platform-
independent software architecture ofNavigationBot (see Figure 6.2) into a platform-
speci ¢ software architecture, an implementation library provider has to develop platform-
speci ¢ components that realize the interface componentDistanceSensor , Timer ,
and Motor relative to the intended target platform. The application modeler th en binds
the subcomponents of these types properly. Given component typeNXTUIltrasonic
JavaTimer , and NXTMotor , such that NXTUItrasonic ~ extends DistanceSensor
JavaTimer extends Timer , and NXTMotor extends Motor , the software engineer
could specify bindingssensor ! NXTUItrasonic(S1) , left 1 NXTMotor(A) ,
andright ! NXTMotor(B) binding the NavigationBot architecture to a platform
supporting the NXT components. The platform-speci ¢ software architecture resulting
from applying these bindings to NavigationBot is depicted in Figure 6.3.

The bindings have also augmented the subcomponentsensor , left , and right
with platform-speci ¢ arguments (S1, A, and B). These arguments identify hardware
ports the behavior implementations of the respective component tygs interface with.
As these are platform-speci c, adding this information to the software architecture model
would result in tying it to this very speci ¢ platform.

For more complex software architectures, bindings may lead to consishcy issues if
the subcomponents of a component type T, which is instantiated multiple times as ty,
t1, is bound to di erent component types, e.g.,to:s! X ti:is! Y with X 6 Y. In this
case, application of these bindings would result in

a subcomponenttg of type T with a subcomponents of type X, and
a subcomponentt; of a type T with a subcomponents of type Y.

As MontiArc requires that the subcomponent tg of component type T has the same
component type for all instances ofT, the type T would be inconsistent. Furthermore,
code generators that produce artifacts based on component types (ReqRQ-8) will fail
to produce proper artifacts.
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Figure 6.3: A platform-speci ¢ variant of the software architecture NavigationBot ,
where the interface subcomponentssensor , navcontrol.left and
navcontrol.right have been bound to platform-speci c components.

Figure 6.4 illustrates this with the component type Motors that contains two sub-
componentsleft andright of component typeValidatedMotor . The latter receive
messages for the motor and validate these before they are passed to the aatmotor. To
this e ect, it consists of two subcomponents: val of component type Validator  and
motor of component type Motor . Given bindings left.val I NXTVal, right.val
I NXTVal, left.motor I NXTMotor(A) , and right.motor I ROSMotor(A) ,
the resulting componentMotors Twould be inconsistent in the type of its subcomponent
motor . This inconsistency arises from aclash between the two bindingsleft. motor
I NXTMotor and right.motor I' ROSMotor, which bind the subcomponentmotor
instantiated by the component type ValidatedMotor Tai erently. In general, there is
a clash between two bindings for the same software architecture if tey bind the same
subcomponent di erently.

De nition 5  (Binding Clash). There is a clash between two bindinggp:::a, ! Ta(:::)
andbp:::by ! Tp(:::) if they bind a subcomponent of a common parent component type
to di erent component types, i.e., subcomponentsa, 3 and b, 3 have the same typea,
and b, have the same name but, 6 Ty,

Resolving clashes prior to applying bindings is crucial to the resliing software archi-
tecture's validity and the procedure presented in Section 6.3 taks care of that.

Overall, reusing a logical, platform-independent software on multige target platforms
requires the artifacts displayed in Figure 6.5. The MontiArcAutomaton language fam-
ily provides a work ow to transform software architectures based on teir application
con guration's bindings. The application modeler develops the platform-independent ar-
chitecture model and one application con guration model per target platform. The soft-
ware architecture model uses interface components imported from ptform-independent
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Figure 6.4: Example for a con ict between two bindings for the same softare architec-
ture: Subcomponentmotor of component type ValidatedMotor must be
of unambiguous kind.

interface libraries to describe the architecture's extension pints. Each application con-
guration references the software architecture and contains bindingsthat describe how
interface components of the software architecture should be replacedith components
from the respective implementation libraries. MontiArcAutomaton inv okes the binding
transformation for each application con guration to transform the architect ure into a
platform-speci ¢ variant according to the bindings. This transformed architecture does
not rely on interface components anymore and, thus, can be used for furtr analyses as
well as for code generation. The application con guration modeling languaged describe
bindings is presented in Chapter 8. In the following, Section 6.2 preents interface and
implementation libraries, before Section 6.3 describes the bindg model transformation.

6.2 Interface Libraries and Implementation Libraries

MontiArcAutomaton employs a distinction between interface libraries and implementa-
tion libraries to enforce reuse of platform-independent software aditectures with mul-

tiple platforms. Therefore, interface libraries may contain platform-independent models
only and implementation libraries realize a speci c interface library with components
that extend the interface libraries' components for a speci ¢ target platform. This en-

ables modeling software architectures without ties to specic patforms or GPLs and
clari es which components implementation library providers needto develop to realize
a given platform-independent architecture on a speci ¢ platform. Hence, we de ne both
kinds of libraries as follows:
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Figure 6.5: The MontiArcAutomaton ADL transforms a single platform-independent ar-
chitecture model into one platform-speci ¢ architecture model per applica-
tion con guration model.

De nition 6  (Interface Library) . An interface library is a named set of interface com-
ponents with referenced data type models.

De nition 7  (Implementation Library) . An implementation library is a named set of
component models with referenced data type models and GPLH#vior implementations.
All components inherit from interface components of a singd interface library.

As platform-independent architectures may contain composed componés, compo-
nents with a behavior model, and interface components only, inteidice libraries are re-
stricted to the same elements. This guarantees platform-indeperght interface libraries
and that the importing software architectures remain platform-independent as well. The
interface components of interface libraries need to be replaced bylgtform-speci ¢ com-
ponents of implementation libraries prior to further processing. To ensure interface
compatibility, implementation libraries must provide an inherit ing component type for
each interface component of the architecture. This ensures that it mast provide at least
the ports and con guration parameters of the interface component. Additionally, im-
plementation libraries must contain the data type models requiredby their component
models, corresponding platform-speci ¢ GPL behavior implemenations and their re-
quired GPL data type artifacts. Furthermore, they may contain platf orm-independent,
non-interface components as well.
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Figure 6.6: An excerpt of the interface library SenseActModels and the corresponding
implementation libraries NXTLejos for NXT robots and ROSPython for
robots employing the robot operating system (ROS [QGC 09]) in its Python
implementation.

Figure 6.6 describes the relations between interface components anmatform-speci c
components in the context of the containing libraries: The SenseActModels interface
library comprises interface components to describe the interfaceof actuators and sen-
sors as well as platform-independent class diagram data types to desbe the types
of the components' parameters, ports, and variables. TheNXTLejos implementa-
tion library contains their platform-speci ¢ realizations in form of th e component types
NXTUItraSonic  and NXTMotor. These extend the DistanceSensor  and Motor
interface components, respectively. Both platform-speci ¢ realkation types introduce
new parameters that require the bound subcomponents to provide progr arguments
for. The library also contains the handcrafted Java behavior implematations for both
component types and the platform-speci ¢ data types required by the components and
their Java behavior implementations. The ROSPython implementation library provides
platform-speci ¢ component realizations for platforms supporting the robot operating
system (ROS [QGC 09]) and their handcrafted Python behavior implementations. To
this e ect, it contains the two component types ROSDistance and ROSMotor, which
also inherit from the platform-independent components, but introduce di erent con g-
uration parameters than the NXT-compatible component types.
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Figure 6.7: The component types and data types of interface library
BumperBotModels .  Although interface libraries may contain com-
posed components as well as components with behavior models, this tédry
requires interface components only.

The components of implementation libraries are referenced by the Iidings of ap-
plication con guration models, which imported the respective implementation library.
Hence, bindings must provide proper arguments for the new, platformspeci ¢, parame-
ters. Hence, platform-speci ¢ parameters are part of the binding, butnot of the platform-
independent software architecture. Section 6.3 describes how tapply bindings.

The remainder of this section describes three example librariesthe interface library
BumperBotModels , an implementation library for the LeJOS Java platform, and an
implementation library for the ROS Python platform. For the evaluations presented
in Section 9.1, further libraries were developed.

6.2.1 BumperBot Interface Library

The BumperBotModels interface library provides component types and UML/P class
diagram data types to describe sensors and actuators of the exploration robstdisplayed
throughout this thesis (as for instance in Figure 6.2), but independehof the GPL actu-

ally used to control these robots. The interface library BumperBotModels comprises
the three sensor component typegutton , ColorSensor , DistanceSensor |, the ac-
tuator component type Motor , and the three component typesLogger , Timer and
Translator that wrap operating system functionalities. Figure 6.7 illustrates these
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component types with their ports, con guration parameters, generic pamameters, and
the related data types Direction , MotorCMD, and TimerCMD.

Component Type Button

The component type Button wraps all forms of binary sensors that emit whether they
are pressed currently. Whether these are complex touch screenvdees or simple buttons
is irrelevant to the component model that emits whether the measued data corresponds
to being touched via port pressed of type Boolean .

Component Type ColorSensor

The componentColorSensor  serves as an extension point for all forms of color sensors
providing RGB data of a single point. To this e ect, it omits incomin g ports and emits
messages via the three integer portsed , green , and blue . The data type Integer

is a class diagram type and can be translated into GPLs as required.

Component Type DistanceSensor

The component type DistanceSensor  provides the distance to the single next obstacle
in the direction the sensor is faced. This distance is emitted vighe port distance of
class diagram typeFloat

Component Type Logger

Components of typelLogger persists incoming messages received via the incoming port
message. For greater exibility, it yields the generic type parameter T to de ne the
type of its incoming port message. The component type also features the con guration
parameter prefix  that is supposed to be pre xed before each incoming message and
has a default value of ™ . Where the Logger logs the received messages to is subject
to the component implementation and invisible to the component modé

Component Type Motor

Components of type Motor serve to control motors with a single degree of freedom.
Such motors can rotate in two directions or stop. Thus the data type MotorCMD of
incoming port cmd is restricted accordingly.

Component Type Timer

The component type Timer implements countdown functionalities. To this end, it fea-
tures an incoming port cmd to platform-independent class diagram typeTimerCMD and
an outgoing port signal  of platform-independent class diagram typeBoolean . Fur-
thermore, it features the con guration parameter delay of type Integer that describes
how long the standard length of a countdown is. Depending on the receéd command,
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Figure 6.8: The component types and data types of implementation libraryJavaNXT.
The corresponding GPL behavior implementation artifacts are omitted for
clarity.

the timer either starts a countdown of standard length, of double lengh, or stops the
active countdown. This restriction is arbitrary and was introduced to reduce interface
complexity [RRW13b].

Component Type Translator

The component type Translator  translates a single input of typeDirection  received
port via the port input into two outputs of type MotorCMD. This component type is
used, for instance, with the MontiArcBumperBot  displayed in Figure 2.7 on page 24.

6.2.2 JavaNXT Implementation Library

The JavaNXT implementation library realizes the component types of the interfa@ li-
brary BumperBotModels for platforms that support the Java LeJOS [LelJ] operating
system. To this e ect, it contains one component type for each interice component of
the interface library BumperBotModels as well as platform-speci ¢ data types. Fig-
ure 6.8 displays the component types and data typedavaNXT comprises. Please note,
that due to comprehensibility, the interface components of BumperBotModels the
respective component types ofJavaNXT inherit from are omitted and illustrated via
stereotypes instead.
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Furthermore, JavaNXT contains a GPL behavior implementation for each contained
component type. As each component type oflavaNXT is compatible to the run-time
environment java-timesync , each component types' GPL behavior implementation
artifact implements a certain interface of that run-time environment. This enables inter-
action of generated component artifacts. The following paragraphs explain tk individual
components' types of theJavaNXT implementation library and point to the LeJOS Java
classes they interfacé.

Component Type NXTButton

Components of type NXTButton inherit from the component type Button of the im-
plementation library BumperBotModels . Therefore, they provide the same interface,
consisting of outgoing portpressed of data type Boolean and introduce the con gu-

ration parameter button of platform-speci c data type lejos.nxt.Button to de ne
the wrapped hardware button. The behavior implementation of NXTButton interfaces
the LeJOS Java clasdejos.nxt.Button to detect the con gured button's state.

Component Type NXTColor

The component type NXTColor provides color measurements. To this e ect, it wraps
the LeJOS API classlejos.nxt.ColorSensor . Therefore, it extends the component
type ColorSensor  of the BumperBotModels library and introduces the con guration
parameter p of type SensorPort that describes which physical port the behavior im-
plementation of NXTColor is connected to. It emits color measurements via the ports
red , green , and blue inherited from ColorSensor

Component Type NXTUItraSonic

Components of type NXTUIltraSonic  inherit from DistanceSensor  and interface
ultrasonic-based distance sensors via the LeJOS clakgjos.nxt.UltrasonicSensor

After measuring the distance to a single obstacle, it emits this dikance via the port
distance of type Float . Therefore, NXTUIltraSonic  introduces the con guration
parameter p of type SensorPort

Component Type Javalogger

The JavaLogger component type extends the component typelLogger of the inter-
face library BumperBotModels to provide logging capabilities for Java-based systems
such as LeJOS. It retains the inherited generic type parametefl and the con guration
parameter prefix . Received messages are printed to the system's standard output.

1The LeJOS API is available from: www.lejos.org/p _technologies/nxt/nxj/api/.
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Component Type NXTMotor

The component type NXTMotor inherits from the interface component Motor of in-
terface library BumperBotModels and introduces a new con guration parameter p
of platform-speci ¢ type MotorPort . As NXTMotor inherits the complete interface of
Motor , it also may receive messages via the podmd of platform-independent data type
MotorCMD. Its behavior implementation interfaces the Java classejos.nxt.Motor
connected to the NXT brick's port passed to NXTMotor via component instantiation.

Component Type JavaTimer

The component type JavaTimer extends the component typeTimer of interface li-

brary BumperBotModels to realize countdown functionality with help of LeJOS class
lejos.util.Stopwatch . To this e ect, it sets the Stopwatch to a duration of either

a single delay (as received via its con guration parameter) or a double dlay. Each tick,

it checks whether the delay received a§imerCMD via incoming port cmd has elapsed.
In this case, it emits true via its outgoing port signal , otherwise false

Component Type JavaTranslator

Component type JavaTranslator translates each incoming message of data type
Direction into two outgoing messages of data typeMotorCMD. To this e ect, it ex-
tends Translator of the BumperBotModels interface library and provides a proper
Java implementation for translation.

6.2.3 Python ROS Implementation Library

The implementation library PythonROS provides component types extending the com-
ponent types of interface library BumperBotModels to realize their functionality on
platforms using the robot operating system ROS [QGC 09] in its Python implementa-
tion. ROS describes software architectures as networks of interaatg nodes that com-
municate via topics (typed, ordered message bu ers that exist at syeem run-time only).
Consequently, each component type oPythonROS creates a node for a speci c task
and, hence, yields a con guration parameternode of type String to de ne the created
node's name. Similar toJavaNXT, the components interacting with hardware interface
Lego NXT hardware via ROS. Therefore, these components use thext_ros package?
These components also yield additional con guration parameters to inteface the con-
nected hardware (eitherframelD or motorID ). Figure 6.9 displays the component types
of PythonROS. All are compatible to the run-time environment python-timesync
Details on ROS are available published [QGC 09] and onliné.

2 Available via http:/iwiki.ros.org/nxt_ros
3ROS website: http://wiki.ros.org/
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Figure 6.9: The component types and data types of implementation libraryPythonROS.
The corresponding GPL behavior implementation artifacts and ROS mesage
types are omitted for clarity.

Component Type ROSButton

The component type ROSButton wraps a touch sensor. Therefore, it extends the in-
terface componentButton provided by the interface library BumperBotModels and
reads ROS messages of typaxt_msgs/Contact from the topic /touch_sensor
These messages are translated into a Boolean value send via the inhed outgoing port
pressed . To con gure the ROS node created by its component behavior implemsta-
tion properly ROSButton introduces the con guration parameter node . Furthermore,
it features the con guration parameter framelD to interface the correct touch sensor.

Component Type ROSColor

ROSColor realizes the functionalities of componentColorSensor  of interface library
BumperBotModels . To this e ect, it extends ColorSensor and introduces two new
con guration arguments as well as the new outgoing portintensity . The con gu-
ration arguments node and framelD con gure the node created by the component's
behavior implementation. This node reads ROS messages of typext _msgs/Color
from topic /color_sensor and translates these into RGB values of typelnteger
The new outgoing port intensity emits the measured intensity of the current RGB
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color reading. As bindings prohibit rewiring, this port cannot be connected through
bindings but can be used by platform-speci ¢ architectures only.

Component Type ROSDistance

Components of type ROSDistance extend DistanceSensor  of the interface library
BumperBotModels and emit distance measurements via the inherited outgoing port
distance of platform-independent type Float . The component type reads sensor data
messages of typaixt_msgs/Range from the ROS topic /ultrasonic_sensor and
translates these accordingly. To this e ect, it introduces the two con guration param-
eters node and framelD of type String to con gure the ROS node their behavior
implementation creates properly.

Component Type PylLogger

The component type PyLogger extends the component typeLogger of interface library
BumperBotModels to realize logging functionalities in Python-based ROS systems.
Therefore, it introduces the con guration parameters node and framelD . For greater
exibility, it retains the generic type parameter T inherited from Logger as well as its
con guration parameter prefix . It pre xes each received message with the value of
prefix and prints it to the system's standard output.

Component Type ROSMotor

The component type ROSMotor extends theMotor of the BumperBotModels interface
library. It receives messages of platform-independent data typeMotorCMD and trans-
lates these into ROS messages of message typgt_msgs/JointCommand  passed to
the topic /joint_command . The motor driver of nxt_ros reads messages from that
topic and controls the motor identi ed via con guration parameter framelD through a
node of namename accordingly.

Component Type PyTimer

PyTimer components realize countdown functionality for Python-based ROS syems.
Hence, they introduce the con guration parameter node to con gure their ROS node.
The con guration parameter delay describes the duration of a single countdown. On re-
ceiving a TimerCMD message, the component either starts a countdown of single length,
of double length, or stops an active countdown.

Component Type PyTranslator

Components of type PyTranslator realize the functionality of the component type
Translator of interface library BumperBotModels for Python-based ROS systems.
As such it also requires to create a node of the name passed via con guiiah parameter
node. The component type does inherit fromTranslator , but not extend its interface.
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Figure 6.10: The clash between two bindings for subcomponentmotor of type
ValidatedMotor is resolved by introducing new component types.
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6.3 Deriving Platform-Speci ¢ Architectures

The application of bindings to a platform-independent software architecture may raise
clashes and, hence, produce invalid platform-speci c software argtectures. Nonethe-
less, MontiArcAutomaton allows binding interface subcomponents of thesame compo-
nent type di erently, if these bindings refer to di erent ins tances of that type. Such
{ intended { clashes (cf. Figure 6.4) must be resolved by MontiArcAutomaton prior
to code generation. The binding model transformation presented in lis section takes
care of resolving clashes while applying the bindings. Thereforet replaces the types of
all subcomponents with copies of new, unique names. For the componenype Motors
depicted in Figure 6.4, this results in the component typeMotorsl (as illustrated in Fig-
ure 6.10) prior to applying the bindings left. motor I NXTMotor and right.motor
I ROSMotor and in Motors2 afterwards. The resulting componentMotors2 is a valid
MontiArcAutomaton component as it does not feature a component type with subbcom-
ponents of the same name but di erent types anymore. To achieve thisthe binding
transformation conducts a breadth- rst search through the subcomponen hierarchy of
the architecture's component type. During this search, it replaes the component types
of interface subcomponents and applies the arguments according to theiddings. It
also replaces the types of other subcomponents with copies of their ginal types with
new and unique names to prevent clashes. The corresponding proage is depicted in
Listing 6.2.

The procedure bind expects an architecture root and a set of bindings. The latter
must be free of con icts and otherwise invalid bindings. Con icts occur if two bindings
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1 bind(ComponentType root, Bindings b) \
2 Stack stack = new Stack()
3 newRoot = uniqueCopy(root)

4 stack.put(™, newRoot)

s while not  s.isEmpty()

6 (pre, comp) = stack.pop()

7 for each subcomponent sc = (name,type(args)) of comp
8 if (pre == ™)

9 g = sc.name

10 else

11 q = pre + """ + sc.name

12 if  b(q).exists()

13 sc.type = b(q).type

14 sc.args = apply(args, b(qg).args)
15 else

16 sc.type = uniqueCopy(sc.type)
17 stack.put(q, sc.type)

18 newRoot = reduce(newRoot)
19 return  newRoot

Listing 6.2: The bind procedure replaces the types of subcomponents with either
platform-speci ¢ bound types or new, unambiguous types.

reference the same subcomponent and bind it di erently. Checkig a set of bindings for
such is trivial due to the MontiArcAutomaton well-formedness rules. Invalid bindings
refer to inexistent or subcomponents of non-interface types and bid these subcompo-
nents to component types not extending the subcomponent's componertype, or fail to
parametrize the component type properly. To calculate bindings,bind utilizes a stack
of tuples of subcomponent path names and component types. Initiallybind puts the
empty quali ed name and a copy of the architecture's root component on tre stack (ll. 2-
4). The name of the copy's type is ensured to be unique by the functin uniqueCopy()

(I. 3), which produces a copy of the passed component type includingll constituents
but changes its name accordingly. Afterwards,bind iterates over the stack's tuples
and inspects every subcomponensc of the component type currently visited (ll. 5-17).
Then, it constructs the subcomponent path g of the currently inspected subcomponent
sc to check with the current pre x and the subcomponent's name (ll. 8-11). Finally,
bind checks whetherq is bound (. 12), i.e., b contains a binding for g, and determines
the new type of sc accordingly (Il. 12-17). If a binding for sc exists, the component type
of sc is changed to the bound type and the bindings arguments are applied (1113-14).
Otherwise, the type of sc is changed to a unique copy of itself and it is put onto the
stack for further inspection (Il. 16-17). All these changes take place imewRoot , which
is processed by procedureeduce() (. 18) prior to returning it for further processing
(I. 19). The procedurereduce() iterates over the subcomponent hierarchy ohewRoot
and reverts type renaming for subtrees where no bindings were apipeld. The procedure
bind terminates for leaves of the subcomponent hierarchy (i.e., atomic coponents)
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and therefore terminates for architectures with nite number of subcomponents on each
level and nite subcomponent hierarchy depth.

The procedurebind returns a valid MontiArcAutomaton software architecture that
describes the platform-speci ¢ architecture completely (as regired by Req. MRQ-8.4.)
Hence, the architecture can be processed by existing tooling (sh as code generators,
Reg. MRQ-8.5) without need for modi cations. It prevents clashes but creates nav
component types (Il. 3,16) for each subcomponent. Consequently, the maber of new
component types is bound by the number of subcomponents in the subcomonent hier-
archy. Whether this number in uences the resulting number of attifacts in a generated
system depends on the code generators employed and their translatidrom component
types to artifacts.

6.4 Discussion and Related Approaches

Bindings require a white-box view on subcomponent hierarchies ashe left-hand sides
of bindings pierce through component hulls to reference subcomponennormally hid-
den behind the containing components' interfaces. As MontiArcAutomaton extends
MontiArc, the composition of components is always visible to the appli@ation modelers
without means to hide it. If the latter was supported, post-modeling analyses could
access the architectures' root elements only.

For architectures employing untimed or timed messaging semantigsbindings also
do not change the architecture's structural semantics, which is inariant to applying
bindings. Hence, the application con guration depends on the architectire but not vice
versa. The architecture can be developed and evolved independeyibf possible bindings.
Changes to the architecture model impact the bindings only in case coponents are
(re)moved - which can render the bindings invalid. Adding or decommsing components
does not impact the bindings. Hence, enabling the architecture moeler's white-box view
on the complete architecture enables important functionality and provides a maximal
stability between both models.

Application con guration models may de ne a single binding per subconponent. For
large software architectures, where multiple subcomponents of theasne component type
should be replaced by the same platform-speci ¢ component this is ngiht be inconve-
nient. De ning bindings between component types would facilitate such speci cation.
The rami cations of such bindings can be calculated easily by translatirg these into sets
of bindings of each type's subcomponents. Furthermore, bindings rdpce subcompo-
nents unconditionally. Conditional bindings might be useful if applied in the context
of the target systems platform or domain model. Future work could investgate which
forms of conditions are appropriate and integrate these.

Currently, bindings can introduce component types with additional ports not part
of the inherited interface component's interface. However, bindigs cannot connect
these ports. Such rewiring might be useful, but entails greater canges to the platform-
independent architecture than intended with our notion of bindings. Also, our notion
requires the interfaces of interface components to be broad enough tagport arbitrary
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inheriting platform-speci c components. With our approach, the int erfaces are broad
enough by design, as the platform-independent software architecturele nes what is re-

quired. We also bind interface components only. Although the procedte bind supports

binding of arbitrary subcomponents, such bindings are not intended. Especially bind-

ing composed components may change the software architecture beyondcagnition and

deviate it far from its original intentions. The procedure bind iterates the passed archi-
tecture root two times: once to transform the software architecturewithout clashes and
a second time to reduce the number of new component types. In a fute implementation

this could be reduced to a single iteration that performs binding inpact analysis before
applying bindings.

Platform-speci ¢, atomic components are restricted to declare confomance to a single
run-time environment. While we did non encounter scenarios whereconformance to
multiple run-time environments was crucial, it would facilitate r euse of platform-speci c
components and implementation libraries with di erent contexts. | mplementation of this
is easy and requires changes to thee modeling element (Section 4.1.1) and related
context conditions only.

Replacing subcomponents with bindings requires interface-compdiility. MontiArc-
Automaton enforces this via requiring an inheritance relation betwea the replaced sub-
component's type and the replacing type. As this does not su ce in the light of generic
component type parameters, it also requires that the actual port types- after resolving
the generics - are compatible as well. This notion of compatibility allows bindings to
introduce new, unconnected, ports into the software architectue. As bindings do not
provide means to introduce new connectors, these ports cannot be coacted. While it
is possible to restrict bindings to platform-speci ¢ components tat provide exactly the
ports of the replaced subcomponent, this restricts reuse and relarg this did not pose
problems in practice. Ports left unconnected by bindings are treated to receive no data
and hence, binding component types relying on these ports might leado unexpected
e ects. As the inherited MontiArc context condition CV6 (presented in [HRR12], p. 36)
produces warnings for unconnected ports, the application modeler Wibe informed about
this potential issue.

Another means to mark architecture extension points besides integce components
could be achieved declaring component types as con guration parameters aftther com-
ponent types. Hence, passing instantiated components and using thego replace sub-
components could realize bindings as well. However, as component insti#tion is part of
the architecture, specifying platform-speci c components as argurents for such param-
eters in it would tie the architecture to the respective platform. Furthermore, this also
would require introducing new language elements to describe howomponent instances
passed as con guration arguments would replace subcomponents and, thusytioduce
additional notational noise [Wil01]. Describing replacement in form of bindings outside
of the software architecture liberates component modelers from deaig with such unless
they actually want to employ bindings.

Currently, MontiArcAutomaton supports translating the complete archi tecture to a
target platform only. It is yet impossible to translate di erent parts of an architecture
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to di erent platforms. This can be useful, for instance, to deploy part of an architecture
to a cloud-based Java infrastructure while deploying componentgor sensors and actua-
tors to a mobile platform requiring C++. Its realization entails many i ssues regarding
augmentation with communication components, cross-platform marshalling.and timing,
which are not within the scope of this thesis.

A solution for architectural extension points is described in [RRW14H where abstract
components are introduced to C&C software architectures to describe architeture ex-
tension points. Such components are abstract in providing only a compognt inter-
face (cf. [SSL11, FG12]) without behavior and refer to platform-indepenent types only.
Thus, these components are independent of speci ¢ APIs, librariesor communication
protocols and their structural information can be transformed into code for arbitrary
target platforms. Nonetheless, from a structural view, these componeis are complete
and are available to model checking. Current MontiArcAutomaton uses interface com-
ponents instead, which are more restricted than abstract componentsApplication con-
guration models (as introduced in Chapter 7) refer to the software arcitecture and de-
scribe how its abstract components are replaced prior to code generati. Consequently,
the platform-independent architecture is agnostic of its reuse withdi erent target plat-
forms. The solution presented in [RRW14b] relies on exchanging the aatl behavior
implementation artifacts of subcomponents prior by replacement-awae code generators.
Subcomponents of the software architecture that are of abstract componentypes are
mapped to platform-speci ¢, component behavior implementations. Respecting replace-
ment information requires binding-aware code generators to exchangehé component
behavior implementation during generation. Such replacements endb software archi-
tecture developers to delay commitment to a speci ¢ platform and dtimately increase
reuse of architecture models and component models. While usefuhat approach lacks
expressiveness: Components, aside from their interfaces, are bkalboxes to the envi-
ronment and only they are responsible for con guration of their behavior descriptions
(stored in aforementioned behavior implementation artifacts). Thus, component behav-
ior descriptions can receive their con guration information solely from the component
they belong to. As components are con gured by the software architecturg passing
additional, for instance platform-speci c, con guration arguments (such as information
on the physical connection of hardware) requires adding this informatn to the soft-
ware architecture model { which ties it to speci ¢ platform proper ties. We enhanced the
previous approach with a more explicit description mechanism to excange subcompo-
nent types instead of their behavior implementations. Thus, the rew approach impacts
the architecture model only and requires no consideration by code gerators. Conse-
quently, current MontiArcAutomaton uses di erent notions of bindings , which emphasize
on the distinction between interface components and platform-spea components, and
libraries. This yields the following improvements over [RRW144;:

Applying bindings to architectures with interface components produces type-safe
architectures instead of changing component implementation details.

Binding to platform-speci ¢ components may introduce new platform-speci ¢ pa-
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rameters on model level.
Existing code generators can be reused.
Model libraries are replaced by interface libraries.

Code libraries and their library models are redundant.

Current approaches to MDE with C&C ADLs do either not consider multi- platform
reuse [GBWKO09, BGP" 10, CKS11, SSL11, FG12], or demand modeling platform details
explicitly [ADvSPO05, DKS " 12, HGS' 13]. Ignoring multi-platform reuse requires copy-
ing the architecture models and changing the platform-speci c compnents manually.
As the copied architecture models need to be maintained and evolvedhiparallel, this
introduces additional e orts. Modeling platform properties expli citly [HGS* 13] intro-
duces complex notions to describe the target platform and the bindingof components
to it, which raises e orts regarding de nition, maintenance, and evolution of platform
models. Additionally, deployment may consider optimized code geeration for speci c
target platform elements, realization of connectors between physicall distributed com-
ponents, or mechanical and electrical properties of the target platforms Bindings alter a
logical software architecture on component level to enable subsequenbde generation of
target GPL artifacts. How these are deployed on target platform elementss not within
the scope of this approach.

The notion of \abstract platforms” [ADvSP05] in MDA is closely related as well.
Abstract platforms are means to separate the \technology independent" andtechnology
related" aspects of target platforms. An abstract platform \represents the platform
support that is assumed by the application developer at some point" [ADv$05], which
corresponds to the set of interface components used by a MontiArcAutomain software
architecture. Similar to our approach, the platform-independent model depends solely on
the abstract platform and the platform-speci ¢ model depends on the oncrete platform.
In the same vein, the authors introduce a di erent notion of bindings. These bindings
describe mappings from abstract platforms to concrete platforms and rgl on \model
libraries" [ADvSPO05], which resemble our interface libraries, as wi. In contrast to our
approach, they do not restrict the content of interface libraries, which does not ensure
that these are actually platform-independent.
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Chapter 7

Compositional Code Generation

On two occasions | have been asked [by members of Parliament]
'Pray, Mr. Babbage, if you put into the machine wrong gures, will

the right answers come out?' | am not able rightly to apprehesh

the kind of confusion of ideas that could provoke such a quést.

Charles Babbage

Pervasive, multi-platform, model-driven engineering with MontiArcAutomaton re-
quires translation of components with embedded behavior models of ®bly integrated
behavior modeling languages into GPL implementations for di erent target platforms.
Thus, the code generation infrastructure must be able to integrate ew generation ca-
pabilities for integrated languages and to translate the same architectue model into
di erent GPLs (cf. Req. TRQ-1).

Currently, this either imposes development of a new monolithic cde generator for
the participating languages and target GPL from scratch, which usually enails infor-
mal reuse and duplicates knowledge, maintenance, and evolution e ortsor white-box
extension of existing code generators. The former are hardly reusabl@ith new lan-
guage aggregates or di erent target GPLs (Req.TRQ-3). The latter requires the source
artifacts of the generator to be extended, introduces hardly maintairable dependencies
between the generators, and enforces generator developers to compreteall partici-
pating generators. Also, both integration approaches must be repeated for ehcnew
component behavior language and hence either yield a multitude of sirfdr code gen-
erators or a monolithic, and hardly maintainable, all-purpose code generair. Instead,
MontiArcAutomaton introduces a compositional code generation framework that enables
black-box integration of participating generators with minimal e ort.

In the context of C&C architectures with embedded component behaior modeling
languages, such as the MontiArcAutomaton ADL, code generation has to consider tlee
prime translation concerns: (1) Translation of structural model elemeants, such as com-
ponent interfaces and connectors; (2) Translation of behavior models; (3)ranslation
of data types. This chapter presents a concept to combine code gerators for these
translation concerns based on:

Generator kinds that yield di erent properties to characterize the information pro-
vided and required to combine and execute generators (cf. [RRRW14]).
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% —

Figure 7.1: Each code generator provides a generator description modetom which
MontiArcAutomaton a description implementation is generated. The lat-
ter implements the interface referenced in the description mdel and is used
by MontiArcAutomaton for composition.

Explicit generator interfaces based on generator kinds.

Behavior language integration as presented in Section 4.2.

This enables code generation for software architecture models usirexchangeable com-
ponent behavior languages, and separation of language and code generator concerns
between language engineers, behavior code generator developers, and poment struc-
ture generator developers (Figure 3.4). MontiArcAutomaton therefore enaltes black-box
composition of code generators such that each participating code generataan be ex-
changed without changes to other participating generators. The compositinal code gen-
eration framework of MontiArcAutomaton coordinates di erent generators, wh ere each
code generator is responsible for speci ¢ languages (ReGRQ-3.2). Thus, composition
requires no modi cation of the participating generators (Req. TRQ-6).

Figure 7.1 illustrates the code generator composition constituents andheir relations.
Each code generator provides a single code generator description neldhat represents
it and references a single code generator interface. From this deggtion, MontiArc-
Automaton's representation generator produces an implementation of the eferenced
interface that is used by MontiArcAutomaton's generator composition framework to
instantiate and con gure the represented generator properly.
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In the following, Section 7.1 introduces code generator kinds and the interfaces,
before Section 7.2 describes the modeling language to describe thesterfaces. Code
generator composition exploits these implementations to con gure, compse, and ex-
ecute code generators automatically. Section 7.3 describes the comptish process.
Afterwards, Section 7.4 describes two sets of compositional code geators for the gen-
eration of MontiArcAutomaton ADL architectures with embedded I/0 ' automata into
Java artifacts and into Python artifacts respectively. Finally, Section 7.5 discusses the
presented approach and related approaches.

7.1 Code Generator Kinds

The MontiArcAutomaton ADL language family comprises the MontiArcAutomaton ADL,
which provides extension points (see Section 4.2) for embedding cqgranent behavior into
components. The components exchange messages via typed ports, whosgeys modeled
using a data type modeling language, such as class diagrams. Thereforede generation
for such integrated language families requires to cover at least the tlge prime translation
concerns regarding C&C structures, component behaviors, and data fyes (cf. the in-
terfaces depicted in Figure 7.1). On language level, component behavidanguages and
data type languages are exchangeable. On code generation level this is na ected.
We employ the three code generator kindscomponent generator behavior generator,
and data type generatorto enable the modularity required from MontiArcAutomaton
(Req. TRQ-3), which requires that code generators for all of the above aspects are €x
changeable and that it should be possible to reuse, for instance, the sarcomponent
structure generator with di erent behavior generators and data type generators - as long
as these produce compatible GPL artifacts. Additionally, we require(Req. TRQ-3) that
it is possible to employ di erent code generator implementations br the same target
language, (e.g., in case a new target platform requires additional constraia not met by
existing generators). Providing such compositionality requires amore precise de nition
of code generators than presented in Def. 1. Thus, for the scope of Monti&Automaton,
a compositional code generator is de ned as follows:

De nition 8  (Compositional Artifact Code Generator). A compositional artifact code
generator is a software that accepts models conforming to ndeling language and produces
valid GPL artifacts. It conforms a single code generator Kird.

This de nition leaves open whether a compositional artifact code geneator employs
M2M or M2T transformations (cf. Section 2.1), how the input models are de ned and
passed to the generator, and which GPL the target artifacts conform to. It abeit
requires that the GPL artifacts produced by a code generator are valigrelative to their
language (e.g., a single Java method declaration is no valid Java artifagt This is not
ensured by MontiArcAutomaton generators itself, but a requirement imposed on the
component developers. Furthermore, it requires that each code gerstor conforms to a
single code generator kind. For each code generation concern that reqas participation
in code generator composition, a unique generator kind has to be de nedWithin the
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scope of this thesis, component structure, behavior, and data typesle ne the entirety

of code generation concerns and thus, the entirety of code generator lds as well. Each
code generator kind explicates all information that corresponding genetors provide and
require for con guration, composition, and execution. A code generator knd therefore
is as follows (Req.TRQ-3.1):

De nition 9  (Code Generator Kind). A MontiArcAutomaton code generator kind con-
sists of the following information provided and required tocon gure, compose, and exe-
cute the implementing code generator:

1. Name: A name uniquely identifying this generator kind in he employing applica-
tion's context.

2. Input modeling languages: The modeling languages or lamgge fragments the gen-
erator can process.

3. Well-formedness rules: Constraints restricting the pra@essable models of the input
languages.

4. Execution information: Information describing how the generator is invoked. With
template-based code generators, this might refer to a mairemplate, while GPL-
implemented code generators might explicate a method andsisignature.

5. Context information: Additional information that may be provided or required at
generation time. This, for instance, might include the name of the artifacts to
produce.

6. Output properties: Information on the generated artifads (e.g., GPL or run-time
environment the generated artifacts conform to).

All generators patrticipating in MontiArcAutomaton must provide a unique generator
kind. However, the concept of generator kinds and their exploitation forgenerator com-
position is not limited to the three generator kinds de ned in the scope of this thesis.
In [RRRW14], we introduce afactory generator kind, which produces object instantiation
mechanisms following the factory pattern [GHJV95]. Further generator kinds for vari-
ous speci ¢ translation aspects are conceivable, such as code generatéos serialization
or communication issues. Furthermore, generators conforming to the gevator kinds
ComponentGenerator and BehaviorGenerator require to provide input modeling
language, execution information, context information, and output properties. Well-
formedness rules are optional for both. While behavior generators may seify a single
input modeling language only, component generators may specify additical input mod-
eling languages to re ect their ability to provide behavior generator capabilities (which
allows modeling partly monolithic generators with MontiArcAutomaton as well). For
generator descriptions representing generators conforming to thBataTypeGenerator
kind, the required information is a single input modeling language andexecution infor-
mation only. Well-formedness rules are optional and output properties ae prohibited.
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Table 7.1: Each generator description requires specic information depnding on the
referenced generator kind (cf. Figure 7.2).

| Kind | Mandatory | Optional | Prohibited \

execution information, . .
. . additional input
Component | input modeling :
modeling languages,
Generator language, output
- well-formedness rules
properties
execution information,
Behavior input modeling additional input
well-formedness rules .
Generator language, output modeling languages
properties
execution information output properties
DataType . , ' put prop :
input modeling well-formedness rules| additional input
Generator :
language modeling languages

Table 7.1 summarizes which generator description elements are reqed, allowed, and
prohibited depending on the implemented generator kind.

MontiArcAutomaton identi es the participating code generators by thei r generator
description models. Each generator description represents a codgnerator, for which it
declares conformance to a single generator kind and provides informatiocorresponding
to the information required and provided by the generator kind. For ead description,
an implementation is generated. This implementation encapsulates th information the
code generator provides and requires as de ned in its descriptionMontiArcAutomaton
instantiates this implementation to use the represented code gesrator. Afterwards,
it rst invokes code generation of data types, as this generation proces in unrelated
to component generation. It is in the application modeler's duty to ensure the data
type artifacts and component artifacts produced by the code generatorshe selected are
compatible. Once the data type generation has nished, MontiArcAutomaton con gures
the component generator. Besides passing the AST to generate code fohis includes
passing the instantiated behavior generators as only the component geragor is aware
of their integration. MontiArcAutomaton then invokes the component generator which
rst checks the component models applying its own well-formednes rules and the well-
formedness rules of the behavior code generators it received. If¢hAST is well-formed,
the component generators traverses the passed AST and invokes behavigenerators
when necessary (i.e., when it visits an AST node of a behavior language)

The code generator kinds are realized in form of interfaces that presitre the existence
of methods providing or requiring the characterizing information of the respective gener-
ator kind for MontiCore code generators (Section 2.2.3). In this context, hput modeling
languages are productions in MontiCore grammars (cf. ReqTRQ-5), starting points are
either FreeMarker templates or factory methods, well-formednessire realized as context
conditions, and output properties are references to run-time envbnments. Hence, for
MontiArcAutomaton, the code generator interfaces are as illustrated in Figure 7.2. Each
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Figure 7.2: An overview of the generator interfaces employed by MontiAréutomaton
with their most important methods.

of these interfaces provides the methodjetLanguage()  to retrieve the input modeling
language, the methodgetStart() to return its execution information, the method
getContextConditions() that returns its generator well-formedness rules. These
well-formedness rules are not part of the language de nition but restrct the models that
can be translated to the target GPL. For instance, the Java code generat@® cannot
resolve underspeci cation or non-determinism. Hence, they prode corresponding well-
formedness rules. The interfaces representing component geneoas and behavior gen-
erators also impose a method)etRTE() to retrieve the run-time environment the gen-
erated artifacts conform to (part of the output properties). The inter face of component
generators also imposes implementation of the methodetAdditionalLanguages()

to retrieve the component behavior languages processable by the compemt generator
itself. All generator kinds also provide a method configure() to pass the context
information required to generate proper GPL artifacts. The parameters expected by
this method are speci c to the represented generator kind.

These interfaces wrap all information required to enable code generatatomposition
with MontiArcAutomaton. The composition mechanisms of MontiArcAutomaton can
be applied to other interfaces and hence other C&C ADLs as well. Overallthe re-
lations between compositional artifact code generators, generator dedption models,
generator interfaces, and generator kinds are as depicted in Figure 7.3. Aompositional
artifact code generator contains exactly one generator description mods! That model
declares conformance to exactly one generator interface, which reprsts exactly one
code generator kind.

Before composing code generators based on their kinds, the content ofdlrespective
interfaces' implementations has to be de ned. Therefore, Sectiory.2 presents the code
generator description language to provide the interfaces' implemerattions.
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Figure 7.3: The relations between code generators, generator descripti models, gener-
ator interface, and generator kinds.

7.2 Code Generator Description Language

MontiArcAutomaton code generators must exhibit which generator kind they conform

to and provide information on the properties required by that generatorkind. Therefore,

Section 7.2.1 presents the code generator description language elemgnivhich provide

a concise formalism to describe that information. Afterwards, Secton 7.2.2 presents the
language's symbol table and Section 7.2.3 its context conditions.

7.2.1 Language Elements

The code generator description language elements re ect the propesds of generator
kinds in terms of their MontiCore realization, i.e., for each code geneator kind property
as realized with the corresponding interface, there is a correspoiry language element.
Listing 7.1 illustrates most of the code generator description language ements with
the generator descriptionComponentsJava for a generator that translates component
models into Java artifacts.

Generator descriptions are structured in packages (. 1) and begin withthe keyword
generator  followed by a name, the keywordconforms , and the name of the genera-
tor interface the represented generator implements (l. 3). Afterwads it describes three
properties of the represented code generator (Il. 5-9). First it desribes how the rep-
resented generator is invoked (I. 5). Afterwards, it describes whie the input modeling
language the represented code generator can process (l. 7), which i®idi ed by the rule
MAAComponentof the MontiArcAutomaton ADL MontiCore grammar (cf. Listing A.2).
Finally, it describes that the represented code generator produes artifacts conforming
to a speci c run-time environment, which, for instance, descrbes how generated GPL
artifacts and handcrafted GPL artifacts interact (I. 9) as presented in Section 7.4.

The following paragraphs detail the individual language elements and the properties
before subsequent sections describe the language's symbol table armhtext conditions.

Generator Description Declaration

A generator description begins with the keywordgenerator , followed by the descrip-
tion's name. After the keyword conforms it references the interface of the type the
represented code generator implements. This construction restits each generator de-
scription, and hence each code generator, to a single generator kind. €hreferenced
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1 package generators.componentsjava;

2
s generator ~ ComponentsJava conforms ComponentGenerator {

start  generators.componentsjava.MainTemplate;

language languages.adl.MontiArcAutomaton.MAAComponent;

© N o 0 A

9 rte runtimes.javatimesyncdelegation;

10 }

Listing 7.1: The code generator description modelComponentsJava represents a
code generator that translates component models into Java artifacts.

interface's name must be fully quali ed! and after this name, curly brackets delimit the
generator description's body.

1 generator  AutomataPython

2 conforms generators.BehaviorGenerator {
3 .

4}

Listing 7.2: The generator description AutomataPython implements the generator
interface generators.BehaviorGenerator

Listing 7.2 illustrates a generator description of nameAutomataPython  (l. 1) that
represents a behavior generator. The generator description establies the latter by
declaring conformance to the generator interfacejenerators.BehaviorGenerator
representing the behavior generator kind (1. 2).

Starting Point

Each code generator must be invoked and the ways to invoke code generasodi er.
While most MontiCore generators employ a FreeMarker template as startng point, there
is neither a convention on that template's name or a general consensus &h a code
generator must start with a template. Therefore, MontiArcAutomaton enabl es specifying
factory methods of Java classes as starting point as well. Thstart element of generator
description models thus may refer to a template or a static methodonly and does so by
stating its complete name.

1The interface's name is used once only and hence importing it, which requires referencing it via is fully
quali ed name, provides no advantage.
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generator  ClassdiagramPython

conforms  generators.DataTypeGenerator {

..

1
2
3
4 start  generators.cdpython.MainTemplate;
5
6

}

Listing 7.3: The generator description ClassdiagramPython de nes that
the represented generator implements the DataTypeGenerator
generator interface (I. 2) and that it is started via the template
generators.cdpython.MainTemplate (I. 4).

Input Modeling Language

To enable proper composition, each code generator must explicate whiamodels it can

process. Therefore, the generator description characterizes thergressable models by
the modeling language that de nes these models. MontiArcAutomaton codegenerators

generally process models of MontiCore languages. Therefore, MontiArcAoimaton iden-

ti es this modeling language with a MontiCore grammar production and code generator

descriptions refer to these productions.

Requiring a concrete production instead of a complete grammar allowsedecting an
arbitrary production that grammar. This re ects that language embedding also does
not require to embed complete languages into the MontiArcAutomaton ADL. Each code
generator description thus must contain the keywordlanguage , followed by the name of
a production of a MontiCore grammar. This name consists of the referenabgrammar's
package name concatenated with the grammar's name and the name of the prodiimn
de ning the language. Listing 7.4 illustrates this with a reference to the production
TableContent  of the grammar

generator  |IOTablePython

conforms  generators.BehaviorGenerator {
start  generators.componentspython.MainTemplate;

language languages.iotable.lOTable.TableContent;
..

1
2
3
4
5
6
7
8

}

Listing 7.4: Generator description IOTablePython  explicates that the represented
generator can process models derivable from productiohableContent
of grammar languages.iotable.lOTable (I. 6).
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Well-formedness Rules

Code generators may additionally restrict the processable models itih well-formedness
rules, which enables preventing code generation for unsuited medss, such as the trans-
lation of non-deterministic automata to Java. For MontiArcAutomaton code generators,
well-formedness has the form of context conditions. Code generator dedptions declare
context conditions as sets of quali ed names referencing MontiCore cdext conditions.

As illustrated in Listing 7.5, generator description models may declae the repre-
sented generators' context conditions in two ways and both begin with he keyword
contextconditions . If this keyword is followed by a set of qualied names that
reference the context conditions' Java classes (ll. 10-13), these raufully identify the
respective classes. However, as these usually are part of the repeated code genera-
tor and reside in the same or similar packages, a common pre x of the packageame
may be extracted to abbreviate the individual references and ease gerator descrip-
tion modeling. Therefore, the keyword contextconditions may be followed by the
keyword in and a quali ed name representing a pre x of the package the context con-
ditions reside in. The second context condition declaration block of geerator descrip-
tion RobotArmPython (Il. 15-18) uses this pattern to de ne that both context condi-
tions AtMostTenLocations and determinism.NoUnderspecification (. 17)
reside in the packagegenerators.robotarmpy . The quali ed name after in must
not describe the complete package of the following context conditions adlustrated
with NoUnderspecification . This context condition ultimately resides in the pack-
agegenerators.robotarmpy.determinism . MontiArcAutomaton determines the
complete set of code generator context conditions by collecting attontextconditions
blocks and calculating the complete quali ed name of each referencecbontext condition.
Specifying multiple contextcondition blocks allows declaring multiple logically dis-
tributed context conditions conveniently.

Run-Time Environment

Run-time environments are means to provide common mechanisms to atipations of
MontiArcAutomaton without generating these for each application anew. The issues
tackled by run-time environments include, but are not limited to, compatibility of gen-

erated and handcrafted artifacts, component communication, serializaton, and error
handling. MontiArcAutomaton, for instance, considers artifacts for component struc-

ture and for component behavior compatible if they agree on interacting ach other
using the same run-time environment. Therefore, generator desgstions explicate which
run-time environment the represented generators conform to. Theseleclarations start
with the keyword rte , followed by the qualied of a run-time environment (cf. Sec-
tion 7.4.1). The generator description ComponentsPython depicted in Listing 7.6
represents a code generator that transforms MontiArcAutomaton componentg|. 6) into

Python artifacts. To enable checking whether the behavior generatos it might be com-
posed with are compatible, it declares that the represented code gemator produces
artifacts compatible to the run-time environment runtimes.pythonuntimed (I. 8).
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1 generator  RobotArmPython \
2 conforms generators.BehaviorGenerator {
3

4 start  generators.robotarmpy.EmbeddedMain;

5

6 language ra.RobotArm.RobotArmProgam;

7

s rte runtimes.pythontimesync;

9

10 contextconditions {

11 generators.robotarmpy.NoComplexDataTypes,

12 generators.robotarmpy.RestrictedProgramSize

13}

14

15 contextconditions in generators.robotarmpy {

16 AtMostTenLocations,

17 determinism.NoUnderspecification

18}

19 }

Listing 7.5: Generator description RobotArmPython contains two sets of context
conditions (ll. 10-18) describing the contained conditions directly (l. 10-
13) and via abbreviation (ll. 15-18).

generator  ComponentsPython

conforms  generators.ComponentGenerator {
start  generators.cdpython.MainTemplate;
language languages.MontiArcAutomaton.MAAComponent;

rte  runtimes.pythonuntimed;

}

Listing 7.6: The code generator represented by descriptiolComponentsPython
produces artifacts compatible to theruntimes.pythonuntimed run-
time environment (l. 8).

1
2
3
4
5
6
7
8
9

Additional Input Modeling Languages

Component code generators may provide means to produce artifacts foromponent
behavior languages as well. This, for instance, is useful, when the basanguage,
prior to component behavior language embedding, already provides meanstmodel
component behavior. Similar to the input modeling language, the supprted compo-
nent behavior modeling languages are identi ed via their de ning grammar produc-
tions. The corresponding production starts with the keyword behaviors  followed

145



Chapter 7 Compositional Code Generation

by a comma-separated list of input modeling languages identi ed by thé& complete
path, grammar name, and production to be embedded. The generator desgiion
ArchitecturePython depicted in Listing 7.7 illustrates this by representing a com-
ponent code generator (I. 2) that transforms components of MontiArcAutomaton's pro-
duction MAAComponent (I. 4), via start method arcpy.Main.generate() (I. 6) into
artifacts compatible to the run-time environment runtimes.pythonuntimed (. 8).
The represented generator also can process components with embeddeableContent
models and embeddedRobotArmProgram models (Il. 10-13).

generator  ArchitecturePython

i conforms  generators.ComponentGenerator {

j language languages.MontiArcAutomaton.MAAComponent;
Z start  arcpy.Main.generate();

; rte  runtimes.pythonuntimed;

9

10 behaviors  {

1 iotable.lI0Table.TableContent,

12 ra.RobotArm.RobotArmProgam

13}

14}

Listing 7.7: Generator description ArchitecturePython describes that the

represented code generator can translate models of the behavior
languagesTableContent  and RobotArmProgram (ll. 10-13).

7.2.2 Symbol Table

Properties of the generators to be integrated need to be checked prido composition.
For instance, the processable modeling languages must be checked agithe mod-
eling languages employed in the software architecture to be process. This requires
integration of the MontiArcAutomaton language family with the generator description
language. Enabling such integrated well-formedness checking withowoupling both lan-
guages ASTs requires integration on symbol table level. MontiArcAutomaton iriegrates
the generator description language via language aggregation, as models of both language
remain independent artifacts, but are interpreted together. Thus, the generator descrip-
tion language must provide a symbol table. The generator description sytnol table
consists of a single entry type that provides all information relevantto context condition
checking and further analyses. The properties ofceneratorDescriptionEntry en-
tries, depicted in Figure 7.4, directly translate to generator desciption model properties,
but omit AST details, such as whether the context conditions are modetd as a single
set or multiple sets.

146



7.2 Code Generator Description Language

Figure 7.4: Entries of type GeneratorDescriptionEntry provide all information
from the corresponding generator description model.

All properties of GeneratorDescriptionEntry symbol table entries are names,
which must be interpreted correctly for context condition checking. For instance, the
property language references to a production of a grammar. The context conditions
checking the validity of this reference must interpret the contained name properly.

7.2.3 Context Conditions

The generator description context conditions ensure the well-forméness of generator
descriptions' elements. This includes ensuring the uniquesss of speci ¢ elements, the
adherence of certain conventions, the elements' referential ingrities, and their type

correctness. As many properties of generator description models re@nce other arti-

facts, checking their well-formedness requires resolving ttse artifacts using MontiCore's

symbol table mechanisms (cf. Section 2.2.1). The following presentthe uniqueness
conditions, convention conditions, referential integrity conditions, and type correctness
conditions of generator description models.

Unigueness Conditions

Uniqueness conditions ensure that certain elements of generator dafptions occur at
most once per model. Violated context conditions may produce errors or arnings
depending on the duplicated elements.

GU1: Only context condition blocks and behavior blocks may occur mult iple times.

All generator description language elements but context condition block and be-
havior blocks (i.e., start , language , and rte ) may occur only once. Declaring
multiple of these elements would entail inconsistent code generat representations.
Only contextconditions and behaviors may be declared multiple times. Vi-
olating this raises errors as depicted in Listing 7.8, where the generatodescription
ComponentsWithAutomata  declares multiple start  elements (Il. 4-5) and multiple
contextconditions elements (ll. 7-8). The former produces errors as displayed.
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1
2
3
4
5
6
7
8

9

10 }

generator  ComponentsWithAutomata

conforms  generators.ComponentGenerator {

start  cwa.Main.run(); @ /I Multiple start elements.
start cwa.EmbeddedMain; @ // Multiple start elements.

contextconditions { generators.cwa.NolnnerComponents }
contextconditions { generators.cwa.NoGenericTypes }
...

Listing 7.8: The generator description ComponentsWithAutomata  is not well-

formed as it declares twostart  elements (ll. 4-5).

GU2: No duplicate context conditions.

Executing a context condition multiple times produces new warnngs or errors for
each execution. However, as MontiArcAutomaton considers the entirety otontext con-
ditions declared in generator description models as a single set of caxt conditions,
each context condition will be executed at most once per model. Thusspecifying a
context condition multiple times does not change the resulting nunier of warnings or
errors. Therefore, this context condition raises warnings for generatodescription models
mentioning the same context condition multiple times.

© o N o 0 A~ W N B

S
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13}

generator  I0TablesGroovy

conforms  generators.ComponentGenerator {

contextconditions {
iotgen.NolnnerComponents . /I Duplicate context condition.
}
contextconditions in iotgen {
NolnnerComponents, . /I Duplicate context condition.
NoGenericTypes
}

..

Listing 7.9: The generator description IOTablesGroovy  mentions the context

148

condition iotgen.NolnnerComponents two times: once in the rst
contextconditions block (I. 5) and once in the second block (l. 9).
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GU3: No duplicate behaviors.

For component generators, declaring an additional input modeling language moiti-
ple times is prohibited as well. As MontiArcAutomaton treats these input modeling
languages treated as a set, such redundancy does not raise errors, but wargs only.

Convention Conditions

Convention conditions facilitate modeling by enforcing conventionson modeling ele-
ments, thereby reducing the e ort of comprehending models. For mstance, a typical
convention of many object-oriented GPLs is that the names of classes beginith a cap-
ital letter. Hence they are easier to distinguish from non-class nameand reduce the
need to look up names. As the generator description language referencedgsting artifacts
only, these names are governed by the artifacts' respective type.@., a reference to a Java
class must conform to the requirements for naming Java classes). Hee there is only a
single generator description convention condition, which ensures # well-formedness of
generator description names and raises an error.

GC1: Generator descriptions start with a capital letter.

To help distinguishing the names of generator descriptions other etaents, their names
must start with a capital letter. Listing 7.10 illustrates this with a generator description

of name flowchartPython (I. 1) that violates this rule.

1 generator  flowchartPython @ /I Generator descriptions \
2 conforms BehaviorGenerator { /I start upper-case.
RN /A

4}

Listing 7.10: The generator description flowchartPython violates GC1 as its

name starts with a lower-case letter (I. 1).

Referential Integrity Conditions

Context conditions regarding referential integrity ensure that names referenced in gener-
ator description models refer to existing artifacts and that they areused correctly. Their
existence is crucial and, hence, violation of referential integrityconditions raises errors.

GR1: The referenced generator interface exists.
Each generator description must refer to a generator interface to de e the type of

generator it represents. As MontiArcAutomaton composes generators based on #ir
interfaces the referenced interface must exist and be available tthe code generator.
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Otherwise, generator con guration, composition, and execution will fail. The generator
description SequenceDiagramPython  references the interfaceArcGenerator  (l. 2),
which in unavailable to the code generator. Consequently, MontiArcAuomaton rises
the depicted error.

1 generator  SequenceDiagramPython \
2 conforms  ArcGenerator { @ /I Inexistent interface
3 . /I 'ArcGenerator'.

4}

Listing 7.11: The interface referenced by generator descriptionArcGenerator
cannot be resolved as it does not exist or is unavailable.

GR2: The referenced starting point exists.

Similarly, the starting point of the represented generator must exst and be available.
For the generator description StatechartPython of Listing 7.12, this does not hold,
as the referenced templatescp.Embedded (l. 4) is not available. Hence, MontiArc-
Automaton produces an error.

1 generator  StatechartPython

2 conforms generators.BehaviorGenerator {
3 .
4 start scp.Embedded; @ // Inexistent template 'scp.Embedded'.

5 }

Listing 7.12: The generator description StatechartPython references a template
as starting point (I. 4) that is unavailable to the generator it represernts.

GR3: The referenced input modeling language exists.

The third mandatory constituent of each code generator description is he input mod-
eling language of the represented generator. If the referenced inpuhodeling language
is unavailable to the generator, MontiArcAutomaton raises an error as depiced in List-
ing 7.13. Here, the behavior generatoRecipePython referenced the ruleMain of the
grammar Recipe , which is unavailable to the represented generator.

GR4: The referenced starting point exists.

Generator description models can either reference main templatesr Java factory
methods as entry points. Whichever it references must exist. & templates, this is
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1 generator  RecipePython

2 conforms generators.BehaviorGenerator {
3
4 language Recipe.Main; @ /I Inexistent language 'Recipe.Main'.

5 }

Listing 7.13: The generator represented by descriptionRecipePython  cannot
access the referenced languadgeecipe.Main (. 4).

validated on le-basis. For factory methods, the referenced type isparsed using the
Java/P modeling language and the existence of the speci ed method isalidated.

GR5: The referenced context conditions exist.

Whenever context conditions are declared, these must exist as welPlease note that
for multiple references to the same missing context condition, MotiArcAutomaton
raises multiple errors. Listing 7.14 illustrates this error with the context condition
tap.RequireDetermnism (Il. 4-5).

generator  TimedAutomataPython

1

2 conforms generators.BehaviorGenerator {

3 oL

4 contextconditions in tap {

5 RequireDetermnism; @ /| Inexistent context condition
6 } /I 'tap.RequireDetermnism’.

7

}

Listing 7.14: The generator description TimedAutomataPython references the
missing context condition tap.RequireDeterminism (II. 4-5).

GR6: The additionally provided behavior languages exist.

The existence of the behavior input modeling languages of component gerators is
crucial as well. Consequently, MontiArcAutomaton produces errors if aty of these is
missing. The generator descriptionPlainComponents  of Listing 7.15 references the
missing languageling.Automata.Body . Consequently, MontiArcAutomaton produces
the depicted error.

Type Correctness Conditions

The generator description language features a single type correctnessralition. This
condition ensures that all required information for the referenced geerator interface is
de ned in the generator description, so that MontiArcAutomaton can generate proper
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generator  PlainComponents

conforms  generators.ComponentGenerator {
..

1
2
3
4
s behaviors { @ // Inexisting language ‘'Ing.Automata.Body'.
6 Ing.Automata.Body,

7 Ing.lI0Table.Table,

8 Ing.RobotArm.Progam;

o}

10 }

Listing 7.15: The generator represented byPlainComponents  cannot access the
referenced languagdng.Automata.Body (I. 6).

implementations of the referenced interface. As this also is crual to generator compo-
sition, violating this condition raises an error as well.

GT1: Generator descriptions provide the information required for i mplementing the
referenced generator kind.

Each generator description references a generator interface that repsents the gen-
erator type the represented code generator should conform to. MontiArcAtomaton
generates proper generator description implementations (cf. Figure 1) to be part of
the generator to utilize these for composition. Hence, the code generat description
models must provide all information required by the referenced geerator interface as
summarized in Table 7.1.

Listing 7.16 shows the exemplary generator descriptioutomatalLisp that describe
a component behavior code generator that translates automata to Lisp artifats. As
the represented generator should implement the interfac&ehaviorGenerator (I. 2),
MontiArcAutomaton expects the generator description to provide information on the
run-time environment the generated artifacts conform to. For the samereason, desig-
nating additionally supported behavior languages (ll. 8-10) is prohibited

7.3 Code Generator Composition

Generating integrated component artifacts with reusable component geerators and be-
havior generators requires ensuring compatibility of the generators ath the produced
artifacts as well as their execution for whichever model parts they ae responsible. To
ensure the compatibility of generators, we have introduced code gemators types. These
types govern how and when conforming generators are executed. Artifactompatibility

instead is based on conformance to run-time environments. Generatoromposition in
MontiArcAutomaton is realized as the execution of responsible code genators while
traversing the AST nodes of architectures with embedded behawr language models.
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generator  Automatalisp @ /I Run-time system missing. \
conforms  generators.BehaviorGenerator {

start  gen.lisp.Starter.run();
language Ing.Automata.AutomatonContent;

1
2
3
4
5
6
7
s behaviors { @ // Prohibited for behavior generators.
9 Ing.SimpleArc.Component

10}

1}

Listing 7.16: The generator description AutomatalLisp  declares to represent a
BehaviorGenerator (I. 2), but omits designation of a run-time
environment. Also is speci es additionally supported behaviors (l. 8-
10), which is prohibited for behavior generators.

The implementations generated from generator description models arehte prime con-
stituents of MontiArcAutomaton code generator composition. These implermentations
provide all information required for composition and yield mechanismsto enable struc-
tured information exchange between code generators. Each MontiArcAutomain code
generator is deployed with such an implementation that can be identied via haming
convention based on the generator descriptions hame. Hence, compositiorquires to
instantiate, con gure, and execute the code generators representeby these implemen-
tations in the correct order.

Actual composition of component structure generators and component behawor gener-
ators can be performed in three ways that di er in the composition controlling elements
and the granularity of code generation control required:

1. The generator composition framework traverses the AST itself and invo&s the
responsible generators for each AST node.

2. The component generator traverses the AST and passes each component betor
AST node it encounters and additional context information to the composition
framework. The framework delegates generation of proper behavior artifactso
the respective behavior generators and returns control to the compome generator
again.

3. The component generator traverses the AST and delegates calls to behav gen-
erators itself.

The rst alternative requires very broad interfaces to code generaors that allow spec-
i cation of required information per AST node type and passing each AST sibtree to
the component generator requires it manage these trees properly. For stiance, the com-
ponent generator developer has to decide whether to generate sometigirirom the AST
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subtree representing the interface of a component or from the indildual interface ele-
ment subtrees. Usually, code generators process the AST elementsragjuired and do not
need to manage invocation with redundant AST elements. Enforcing sut management
complicates code generator development. In the second alternative,omponent code
generators traverse the AST and generate component structure artifactsaas required.
Whenever the generator encounters a behavior AST node, it collects kinformation
required to produce a compatible artifact from the behavior node andpasses that, to-
gether with the behavior node, to the composition framework. The latter con gures
and invokes the behavior generators that produce according artifacts. Tis alternative
requires only small interfaces between component code generators atite composition
framework, but produces redundancy as the composition framework degmtes invocation
to behavior generators without adding information. Removing this indirection leads to
the third alternative, in which the component generators invoke behaior generators di-
rectly. MontiArcAutomaton implements the third alternative. Here, t he infrastructure
provides all necessary information, such as the con gured behavior ga&mators and the
component generators invoke these. This leaves control at the componemgenerators
without composition framework interferences and enables optimizingcode generation.

In the following, Section 7.3.1 describes the process to develop MtiArcAutomaton
code generators, which includes production of these implementains. Afterwards, based
on participating code generators selected by the application modelerthe generators'
implementations must be instantiated and executed. Therefore, Sgion 7.3.2 explains
how MontiArcAutomaton instantiates, con gures, and executes code geneators.

7.3.1 Developing MontiArcAutomaton Generators

MontiCore code generators employ M2T transformations powered by the FeeMarker
template engine. Usually, these code generators employ dedicated staemplates that
con gure and control code generation. However, these start templates dmot specify
which information the generator requires to produce proper artifactsand the only means
to specify such is in form of template commands. This requires the gesrator developer of
a component generator to understand the internals of templates of partipating behavior
generators { which assumes the white-box view on code generators MoAticAutomaton
aims to avoid. MontiArcAutomaton code generators also employ FreeMarker,support
template operators and template helpers, and may begin with a start tenplate, but re-
quire a more sophisticated machinery to enable compaosition. With MontArcAutomaton,
application modelers may use monolithic code generators (cf. Reqd.RQ-4) for specic
language aggregates as well as modular code generators where each translates lzssu
of the participating languages into compatible GPL code. Composition of malular code
generators is aligned with MontiArcAutomaton's language extension mechanisms and
exploits the three code generator kinds introduced earlier (cf. 8ction 7.1).
Development of according code generators follows the activities degtied in Figure 7.5.
First, the generator developer decides which generator kind the gemator under devel-

2Website of the FreeMarker template engine: http://freemarker.org/
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Figure 7.5: The activities required to develop a compositional MontiArcAutomaton code
generator.

opment implements and selects the proper generator interface. For coponent genera-
tors and behavior generators, she afterwards selects a run-time emenment the gener-
ated code will conform to. If no such RTE exists, the run-time envionment developer
must provide one. If the generator under development is a component gerator, she
also de nes which additional input modeling languages the generator suports (cf. Sec-
tion 7.2.1). Afterwards, invariant of the generator's kind, she identi e s its input modeling

language and its starting point (either a FreeMarker template or a Java fictory method).

If the generator requires context conditions - a question answered icollaboration with

the language engineer of the generator's input modeling language, she déwes these
as well. Then, she documents the selected generator kind, runftie environment, input
modeling languages, starting point, and context conditions in the geneator description
model. Finally, she creates an implementation from this model.

While MontiArcAutomaton supports handcrafted generator description implementa-
tions, it also yields a code generator for this. The generator represé¢ation generator
processes generator description models and transforms these int@vh classes imple-
menting the referenced interfaces such that the implemented mthods return the values
of their related properties (e.g., getStart() of the implementation returns the quali-
ed name of the start template or start method as declared viastart by the generator
description model). The generated implementation also persist th con guration infor-
mation, which enables the represented generator to access this infoation at run-time.
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Figure 7.6: The constituents of the component generator presented in Ligg 7.6.
(cf. Figure 7.1).

Considering the generator descriptionComponentsPython depicted in Listing 7.6,
the generator description infrastructure of MontiArcAutomaton will cre ate a proper im-
plementation of this interface as depicted in Figure 7.6. This implenentation contains
all information of the generator description model and, as the generator desiption de-
clares that the represented generator implements the interfac€omponentGenerator
implements that interface as well. The code generator thus comprisetemplates that
describe the target artifacts, template helpers that perform compl& calculations, a gen-
erator description model, and the generated description implemerdtion that can be
exploited for composition.

7.3.2 Instantiating and Executing Composable Generators

The application modeler selects the code generators appropriate for th target plat-
form the software architecture should run with. To this end, she séects a component
generator, multiple behavior generators, and a data type generator per taget platform
(cf. Figure 3.8). After selecting the participating generators, their quali ed names are
passed to the MontiArcAutomaton generator orchestrator.

The latter instantiates the generator description implementation of each referenced
generator via the corresponding generator kind's interface to avoid deendencies of
MontiArcAutomaton to the participating generators. Afterwards, it congur es the
component generator with the participating behavior generators via its configure()
method. The component generator persists this information for generatoexecution.

Figure 7.7 depicts the participating components, models, and implmentations trans-
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Figure 7.7: The MontiArcAutomaton generator orchestrator instantiates generators via
the interfaces representing their kinds and implemented by tkeir generated
description implementations.

lation of components with embedded automata and Statecharts to Java. The geerator
selection is input to the generator orchestrator, which knows the MomiArcAutomaton

code generator interfaces and how to compose these. The generator séi@t also refer-
ences the three code generators required to translate such compongiby their generator
description models. MontiArcAutomaton generates a Java implementaton of the inter-
face referenced in each model that contains all information from the rgsective model.
The generator orchestrator can instantiate these generators via their iterfaces and ex-
ecute these to produce Java artifacts. To this end, the generator ahestrator starts
code generation by invoking the starting point of the data type generatoras explicated
by its description implementation as depicted in Figure 7.8. This gemration phase is
independent of component generation and behavior generation as the parijgating code
generators do not need to exchange information at generation-time. Afterwals, the data
type generator has produced data type artifacts and the generator orchegator invokes
the component generator via its starting point. After passing the instartiated behavior
generators to it, the component generators traverse the AST of MontiArcAutomaton
components during which they also visit contained embedded behawsr models. If the
currently visited AST node represents an element of the MontiArcAuomaton ADL, it

is processed by the component generator. If it is an element of a behav language, the
component generator identi es the responsible behavior generator vidghe input model-
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Figure 7.8: Generator orchestrator, component generators, and behavior geraors in-
teract to compose their activities.

ing language explicated by the respective generator's description iplementation. While
there may be more than one generator per behavior language, composition cemtly
supports only a single behavior generator per behavior language. MontiArcAtomaton
informs about invalid generator selections.

In case a responsible behavior generator is available, the component ggator con g-
ures it with the information required to produce a compatible comporent behavior arti-
fact. In case of the interfaceBehaviorGenerator , this amounts to passing the name
of the resulting class, the package it should reside in, and the imporstatements of the
component model via the interface'sconfigure() method. The behavior generator's
description implementation persists this information and the comporent generator in-
vokes the behavior generator via its starting point, thereby passinghe behavior model's
AST node. The behavior generator traverses the behavior model's ASEBnd may access
information persisted in its description implementation to produce compatible artifacts.
After processing the behavior model's AST, each behavior generatorrpduces a valid
GPL artifact (cf. Def. 8) and returns control to the component generator. The compo-
nent generator marks the currently processed behavior model AST nide and its subtree
as processed and continues traversing until all nodes have beemgeessed.

Figure 7.8 illustrates the activities of generator orchestrator, componat generator
and behavior generators during composition. The main composition activiy is part of
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Figure 7.9: The atomic componentSelector  returns the i-th element of the passed list
using the depicted class diagram data types.

the component generator, which processes the components surroungjrthe embedded
behavior models. Therefore, of the three generator kinds, only theamponent generator
knows the context information (cf. Req. 5) required to con gure the behavior generators.
Consequently, it manages execution of responsible behavior generators

7.4 Two Compositional Code Generator Families

MontiArcAutomaton code generators are of speci c kinds and implement therespective
interfaces. They do so by providing generator description modelshat hold correspond-
ing information and are translated into generator description implemeriations. These
implement the generators' interfaces and provide means to persistontext information
for generator composition.

This section presents two code generator families. Aode generator familyis a set of
code generators comprising at least one component code generator, at leasteotata type
generator, and arbitrary many behavior generators that produce artifacts @nforming to
the same run-time environment. Hence, these artifacts and, by degh of the generator
interfaces, the generators can be composed. The families comprise \@de generators:
Three of these conform to a Java RTE and translate MontiArcAutomaton with embedded
Automata models that reference UML/P class diagrams for data types into artifacts
compatible to Java 1.8. The remaining two translate the same modelindanguage family
into Python 3.3 artifacts compatible to ROS Indigo3. While the Java generators are
completely modular, i.e., there are separate code generators for moldeof MontiArc-
Automaton ADL, Automata , and UML/P class diagrams, the Python/ROS component
generator takes care of creating artifacts forAutomata models as well.

®ROS Indigo website: http://wiki.ros.org/indigo
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Running example for both generator families is the componenBelector  depicted in
Figure 7.9. This component employs an embedded automaton to select elemts from
a list. To this end, it features an input port list  of class diagram typeList<T> and
another input port i of class diagram typeNumber (provided by MontiCore). If the
received indexi is within the list's length. The embedded automaton returns the i -th
element. Otherwise, it switches to an error state that cannot be lef.

7.4.1 A Code Generator Family for Java Systems

The code generator family for Java translates MontiArcAutomaton models irto Java
classes without further requirements on target platforms. A monolithic code generator
for this translation was presented in [RRW13b]. The language family prodes similar
artifacts but di ers in comprising modular code generators and integrating handcrafted
artifacts and behavior artifacts di erently.

While composability of the participating generators is enabled by degin of the gener-
ator interfaces and MontiArcAutomaton's composition procedure (cf. Secton 7.3), the
compatibility of generated artifacts depends on the run-time envirorment they are com-
patible to. Therefore, the next sections describe a run-time envonment for Java that
component generators and behavior generators conform to, present the famis compo-
nent code generator with its generator description and the behavior gegrator responsible
for translating embedded Automata models into compatible artifacts, and describe the
family's class diagram generator, which extends the generator preserden [Sch12].

The Run-Time Environment

MontiArcAutomaton run-time environments are sets of target GPL modules that provide
solutions to common component tasks. This includes, for instance, comumication,
serialization, persistence, and integration of handcrafted artifacts. As such, it is tied
to a speci ¢ GPL and target platform properties. For the latter, it may assume the
existence of certain, APIs, framework, or libraries. Correct usage of thse modules must
be ensured via convention and documentation.

The javats run-time environment for this family of Java generators describes he
interfaces and interaction of components, ports, and variables work, as vkeas the inte-
gration of handcrafted and generated behavior implementations with compoant imple-
mentations. Although only the component generator produces artifacts depnding on
components, ports, and variables at generation time, bundling these wh the component
generator would introduce ties from the generated system to it. Ingead, these types are
part of the run-time environment, which generated system and componet generator
depend on. Thus, thejavats run-time environment comprises of Java classes and in-
terfaces to represent components, ports, variables, and behavior iplementations the
family's generator developers agree on.

Figure 7.10 shows the constituents ofavats , which are an abstract classComponent ,
the two classesPort and Variable that both extend the abstract class DataSource ,
and the three interfacesComputable , Result , and Input . Code generators whose
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Figure 7.10: Thejavats run-time environment for Java component implementations.

descriptions declare conformity to javats are expected to produce component arti-
facts that extend the class Component. The class Component is unaware of Port
and Variable instances. As the actual ports and variables of a component model are
available at code generation time only,Component cannot know these apriori. Instead
of managing lists of ports and variables, the code generators producing bulasses of
Component are expected to produce proper realizations. This enables, for inahce,
producing individual members per port and variable. Furthermore, this decouples the
notion of components from ports and variables and enables component generatote
employ their own types for that. The types Port and Variable wrap functionalities
of ports and variables. In consequence, they provide the similar feares and behavior,
wherefore they extend the abstract classDataSource . The class DataSource pro-
vides access to two values of generic typ€: the current value of this data source and its
next value.

Atomic components conforming tojavats are expected to integrate handcrafted and
generated component behavior implementations via the delegator patter [GHJV95],
where the delegate implements the interface&Computable , to fulll Req. TRQ-2. Em-
ploying the delegator pattern is a feature of this run-time environment and using other
integration patterns [GHK * 15] is feasible as well. This interface yields two generic type
parameters T and U that require type arguments to implement the interfaces Input ,
and Result respectively. As behavior generators conforming tgavats are expected
to produce component behavior implementations that implementComputable as well,
the integration of handcrafted and generated component behavior implematations can
be treated uniformly for both. The interfaces Result and Input are expected to be
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implemented by data structures generated from the components' pod and variables.
At design-time, these data structures separate the concerns of apightion programmers
of handcrafted component behavior implementations from component genator con-
cerns by providing the single means of communication between componkartifacts and
component behavior artifacts. This liberates application programmers fom learning
about component generation details (such as the correct use of ports) and &ids the
component internals from application programmers. At run-time, the data structure
implementing Input conveys the current values of incoming ports and variables and
Result conveys the resulting values after component behavior calculation.

In conclusion, the component generator of this language family produces Ja classes
that extend the class Component and employ Port and Variable to represent ports
and variables, respectively. Furthermore, atomic components prodced with this com-
ponent generator yield a member that implementsComputable . For components with
behavior models, the family's behavior generators produce Java akses implementing this
interface and conforming either to naming conventions of following tfe containing com-
ponent's implementation reference (cf. Section 4.1.1). For atomic comgnents without
behavior models, application programmers provide according Java clags implementing
the Computable interface.

The javats Component Code Generator

The component code generatolComponentsJavaTS translates composed and atomic
components with their ports, variables, subcomponents, and embeddEbehavior models
into Java classes. For the latter, it delegates generation the availald behavior generators.
As the component generator must produce artifacts compatible to thgavats  run-time
environment, it produces up to four Java classes per component:

1. A component implementation class that extends the abstract clas€omponent and
owns multiple ports and variables according to the corresponding moel. If the
model is an atomic component, this class also has a member of tyg@omputable |,
otherwise, it contains the references to the model's subcomponen

2. For atomic component models, it also generates a class implementirigput  wrap-
ping component's input ports and variables with their current values. Instances of
it are passed to the component's behavior implementation which pedrms calcu-
lations based on these values.

3. A similar class for output ports and variables implementing Result . This also is
generated for atomic components only.

4. A class implementing the factory pattern [GHJV95] for the component impgemen-
tation class. Component implementations of composed components rely on ik
class to create subcomponent instances. Employing this pattern abws exchanging
the actually created factory products for testing purposes.
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Figure 7.11: Java classes resulting from applying component generator
ComponentsJavaTS to component Selector

For the component type Selector  of Figure 7.9, the generator produces the four
classes as depicted in Figure 7.11. To achieve this, the component geatar employs 29
templates and 9 template helpers. Most templates are responsible famall parts of the
resulting class to enable reuse with other code generators (as disssed in [RRW13b]). For
instance, there are individual templates for each of the methods ilistrated in Figure 7.11
for atomic components and composed components. Furthermore, there arertelates for
connectors, parameters, ports, and variables. The helpers, for instam, collect various
component constituents into data structures convenient for procesing by templates.

The generated classSelector  of Figure 7.11, for instance, represents the compo-
nent type Selector and can be reused for every subcomponent instance of this type
(cf. Req. TRQ-8). It has a member of type Computable to which the component
implementation delegatescompute() calls. To instantiate this member, component
implementations rely on factories provided by behavior generators, @wch as the class
SelectorimplFactory . Its name is derived from the behavior implementations name
and passed to the behavior generator via its generator description imgimentation. The
behavior generator responsible for translating automata models is hemrcalso responsible
for providing a proper factory. This requires the component generato's integration into
MontiArcAutomaton's generator composition. Therefore, the component geneator's de-
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scription model is de ned as depicted in Listing 7.17. The generator dscription resides
in the generators root package (I. 1) and has the nam€omponentsJavaTS (l. 3). The
generator description declares that its description implementationimplements the in-
terface ComponentGenerator  (I. 4) and that its start template is templates.Main

(I. 5). The represented generator also processes the language de neg MAAComponent
of grammar MontiArcAutomaton and produces artifacts compatible to run-time en-
vironment javats

1 package d.m.generators.componentsjava;

2

3 generator  ComponentsJavaTS

4 conforms d.m.c.i.ComponentGenerator {

s start  d.m.generators.componentsjava.templates.Main;
¢ language d.m.c.l.adl.MontiArcAutomaton.MAAComponent;
7 rte de.montiarcautomaton.runtimes.javats;

8

}

Listing 7.17: Generator description of the ComponentsJavaTS component
generator with abbreviated package names.

The javats Automata Code Generator

The AutomataJavaTS code generator provides means to translat@utomata mod-
els embedded in components into Java classes compatible to the rdime environment
javats . The generator produces three artifacts perAutomata model:

1. An enumeration to represent the automaton's states.

2. The actual behavior implementation realizing the automaton. This clas imple-
ments the BehaviorGenerator interface and relies on the surrounding compo-
nent's Input and Result data structures (cf. Figure 7.11). These are wrappers to
receive current port and variable values (nput ) and to emit new values for ports
and variables (Result ). This liberates component behavior generator developers
and application programmers from these structure implementation detals.

3. A factory [GHJV95] for the behavior implementation class.

For the component type Selector  of Figure 7.9, AutomataTS produces the enu-
meration type SelectorState with values Idle and Error , the behavior implemen-
tation class Selectorimpl , which implements the interface Computable , and the
behavior factory SelectorimplFactory as used by the classelector . Figure 7.12
illustrates these classes and shows thaSelectorimpl relies on the data structures
Selectorlnput and SelectorResult provided by the component generator. Fur-
thermore, it shows that the behavior artifacts are created in the samepackage as the
other component artifacts. This decision is made within the componentgenerator and
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Figure 7.12: The AutomataJavaTS behavior generator produces three classes per em-
bedded Automata model.

passed toAutomataJavaTS via its generator interface (cf. Figure 7.2). This decision
is arbitrary and extending the behavior generator interface to receve a package path
would enable the behavior generators to produce artifacts in di eren package paths.

AutomataJavaTS translates Automata models that allow underspeci cation, for
instance in form of de ning multiple initial states to Java classes, multiple transitions
leaving a state on the same stimulus, or multiple transitions leaving a state on the same
guard expression. However, Java does not support such non-determam and therefore
some resulting behavior artifacts will not adhere to the behavior of he input model.
To prevent this, AutomataJavaTS provides context conditions to reject problematic
models. While these can identifyAutomata models with multiple states and identical
stimuli on the same state easily, evaluating whether two guards are endéd for the same
inputs is generally undecidable. This, however, is a problem of wecation and beyond
the scope of this thesis.

Nevertheless,AutomataJavaTS must explicate its context conditions to MontiArc-
Automaton. Therefore, its generator description must declare these astroduced in Sec-
tion 7.2.1. The description of AutomataJavaTS is as depicted in Listing 7.18, which,
after declaring a package (I. 1) and its name (I. 3), denotes thatAutomataJavaTS
is a behavior generator (I. 4). Consequently, it must declare a start €émplate (l. 5),
the modeling language it processes (I. 6), and compatibility to a runtime environ-
ment (I. 7) { in this case javats . Additionally, it declares the context conditions
MultiplelnitialStates and MulitpleldenticalStimulilnState (II. 8-11).
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1 package d.m.generators.automatajava;

2

3 generator  AutomataJavaTS

4 conforms d.m.c.i.BehaviorGenerator {

s start  d.m.generators.automatajava.EmbeddedAutomaton;
6 language d.m.c.l.automata.Automata.AutomatonContent;
7 rte de.montiarcautomaton.runtimes.javats;

8

9

contextconditions in d.m.g.a.cocos {
MultiplelnitialStates,
10 MulitpleldenticalStimulilnState

u  }
12 }

Listing 7.18: Generator description of behavior generatorAutomataJavaTS with
abbreviated package names.

The javats Data Type Code Generator

For the translation of UML/P class diagrams into Java artifacts, the language family
employs the code generator introduced in [Sch12]. This code generat@rtemplate-based
and utilizes FreeMarker as well. However, it does not provide a gemator description
and hence is not composable. To amend this, th€lassdiagramJava  generator wraps
that generator's functionality and adds the description model depicied in Listing 7.19.

1 package de.montiarcautomaton.generators.cdjava; \
:
3 generator  ClassdiagramJava

4 conforms d.m.c.i.DataTypeGenerator {

s start  mc.umlp.arc.ClassCodegen;

6}

Listing 7.19: A composable class diagram generator based on the generator pretash
in [Sch12].

The ClassdiagramJava  generator description consequently refers to the wrapped
generator's start template mc.umlp.arc.ClassCodegen instead of providing its own.
The generator's translation of class diagrams to Java and the integration of hadcrafted
method implementations is described in [Sch12].

7.4.2 A Code Generator Family for ROS Python Systems

The pythonts code generator family produces Python artifacts relying on the robot
operating system (ROS) [QGC 09] as middleware. To this e ect, it employs concepts
similar to the Java code generator family. As the Python component geneator takes
care of translating embeddedAutomata models as well, a behavior code generator is
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not necessary. Also, as Python diers from Java, the Python implementaions dier
accordingly. The most important di erences are the lack of interfaces h Python and
that the language is dynamically typed. Consequently, the members prduced for con-
guration parameters, ports, and variables are untyped in resulting Python artifacts.
Furthermore, ROS [QGC" 09] considers software systems as graphs of nodes communi-
cating over typed message buses. These nodes especially do not ot hierarchical
decomposition, wherefore this generator translates composed componerascordingly.

The next sections introduce ROS, describe the family's run-tme environment, its
component code generator and data type generator.

ROS

ROS [QGC' 09] is a communication middleware and build system for distributed rolotics
applications multiple GPLs, including C++ and Python. ROS applicati ons consist of
nodes and topics. Nodes are stand-alone processes that perform computats, may
not be hierarchically composed, and communicate via topics. Topics are dered, typed
message buses. Nodes can register subscribers to get informed aboutvn@essages on
topics and publishers to send message to topics. Such communicatioart be established
dynamically, which allows multiple nodes to send messages to a gite topic. ROS expects
topic types to be de ned in msg* models. These models resemble simpli ed UML class
diagrams (or C++ struct types) without visibilities, methods, and inheritance. Besides
these, ROS project require so-called launch le¥ describing which nodes to start, and
manifests characterizing the ROS application. For instance, the datatype MotorCMD
of Figure 2.8 can be translated into a msg model as depicted in Listing 20.

1 # MotorCMD message format.

2 # Sending component

3 string sender

4+ # Enumeration constants
s uint8  FORWARD

6 uint8 BACKWARD

7 uint8  STOP

s # Data type enumeration
9 uUint8 data

Listing 7.20: The data type MotorCMD of Figure 2.8 as a ROS msg.

Please note that this msg model declares the eldgender , which identi es the sending
subcomponent. As ROS allows that multiple nodes send messages to a iopbut Monti-
ArcAutomaton allows only a single sender per incoming port, this is usedo ensure
component implementations deny messages from wrong senders. Howev#ris cannot
prohibit malevolent ROS nodes from faking sender information and pubishing messages

“rosmsg website: http://wiki.ros.org/rosmsg
Sroslaunch website: http://wiki.ros.org/roslaunch
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Figure 7.13: A ROS graph representing thdmprovedBumperBot  software architecture
of Figure 4.1. Atomic components are translated to nodes, composed com-
ponents to con guration information stored in launch les (not depicted ),
and connectors to topics.

to topics resembling connectors. Also ROS msg models are strongly jsed but do not
support generics. The data type generator of this family takes care of progr translation.

Figure 7.13 illustrates the ROS graph for thelmprovedBumperBot  software archi-
tecture of Figure 4.1. Here, each atomic component is represented by aode and each
connector by a topic of the corresponding ROS msg data type. The compodecom-
ponents ImprovedBumperBot and Navigation  are absent and have been translated
into a launch le starting their subcomponents' processes.

The issues in translating MontiArcAutomaton ADL models into ROS systems there-
fore originate in employing Python's type system and the lack of node dcomposition.
Also allowing arbitrary many-to-many communication and demanding topic types in
ROS msg models must be considered. Furthermore, producing pr&p con guration les
and starting subcomponents as individual processes is crucial.

The following sections explain the code generation from MontiArcAutomabn to ROS,
the interaction of nodes and components, as well as the translation of arctectures with
embedded automata into multiple artifacts including con guration | es.

Run-Time Environment

The pythonts  run-time environment of the ROS-Python code generator family resem
bles thejavats run-time environment in employing similar concepts. It also feaures
classes to describe components, ports, and variables. Python comporte@mplementa-
tions also integrate GPL behavior implementations via delegation and hace also rely on
classes to represent these with their input and output. Ports and wariables also extend
a common base class. The run-time environment itself is unaware of R® as the com-
ponent implementations are executed by manager classes that start ROSoales, connect
to topics, and transmit data to and from ports.
The constituents of pythonts are the seven classes depicted in Figure 7.10. As

with javats , there is the abstract base classComponent, which de nes methods all
component implementations have in common. This besides the methadre ecting the
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Figure 7.14: The run-time environment pythonts  supports execution of Python com-
ponents that communicate via ROS.

component life-cycle, implementations of this class also must de a the two methods

callback() and publish() which connect messaging to the ROS infrastructure.
The run-time environment also contains the two classedPort and Variable , which

inherit from the abstract class DataSource to provide access to ports, variables, and
their values. Although DataSource conceptually relies on the generic type parame-
ter T, its implementation does not. As the types of Python members are detemined

dynamically, it relies on duck typing [Bea09] to determine data types. Thus it omits

syntax to handle generic types. With pythonts , GPL behavior implementations are

integrated via delegation [GHJV95] as well. Hence, it also contains the thre abstract

classesComputable , Input , and Output (Python does not support interfaces). For

the same reasons as witliavats , the Python Component class is oblivious of port and
variable implementation details.

This run-time environment prescribes component life-cycles,their interaction, and
integration of GPL behavior implementations similar to javats . Employing the full
power of ROS, distributed component implementation processes e€khanges messages via
topics. Hence, their distribution is transparent to the user. To enable this, this code
generator family must eliminate composed components, produce proper@S msg models
for port data types, start ROS nodes, and connect these to the ROS imastructure. The
next section presents the family's component generator, which takesare of this.
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The pythonts Component Code Generator

The pythonts component code generator produces Python artifacts and ROS con-
guration artifacts implementing component structure and automata behavior using
FreeMarker. To this e ect, it rst eliminates composed components from the architec-
ture and lifts their subcomponents to the next higher level until all subcomponents are
direct subcomponents of the architecture root. For instance, regardig the software ar-
chitecture ImprovedBumperBot  of Figure 4.1, the subcomponentdrans , left , and
right become subcomponents ofmprovedBumperBot . Once all subcomponents re-
side in the architecture root, it is eliminated as well. The resuting software architecture
is a graph of components for which the generators produces component imgshentations
and further ROS artifacts.

Similar to the javats component generator, this generator produces at least ve
classes per component type (Figure 7.15). The component implementatioextends
from Component of the run-time environment and comprises members representing
ports and variables. It interfaces handcrafted or generated GPL behawar implemen-
tations via delegation to an instance of Computable . Therefore, each time a mes-
sage on the topics it is connected to arrives, these value are stored insiincoming
ports and variables. Every compute() step, it compiles current port and variable data
into an instance of Selectorinput and passes it to the behavior implementation of
Selectorimpl . The behavior implementation computes one transition in its automa-
ton implementation, compiles the resulting port and variable values nto an instance of
SelectorResult , and passes that back to the component implementation. On re-
ceiving this data, Selector  assigns the contained values to its ports and variables and
nishes computation. Every update() step, it publishes the results to ROS. Receiving
data from a topic via callback() and sending data to a topic viapublish() includes
marshalling the data into ROS msg types. As this is part of the generatd component
implementation, application programmers do not have to deal with ROS mg data types.
The method callback() also takes care of denying messages from senders not con-
nected to the component's ports. The component generator also produsea manager to
create, execute, and manage component instances of ty@elector . Its main purpose
is creation of a component instance and managing its life-cycle.

After producing Python artifacts, the component generator also generats the launch
le referencing the component managers to start the respective compnents' nodes. Fur-
thermore, it produces the build con guration les (make le, CMakeLi sts, and manifest)
required by the rosbuild® infrastructure to create ROS packages.

The code generator description of this generator (Listing 7.21) consequdg conforms
to the component generator interface (I. 4). It also declares a start template (. 5),
to process models of the MontiArcAutomaton ADL language (I. 6), and to produe
artifacts conforming to the pythonts run-time environment (I. 7). As this generator
produces artifacts for embedded automata models as well, it declarethe additional
input modeling language AutomatonContent  (ll. 9-11). Consequently, it employs the

®rosbuild website: http://wiki.ros.org/rosbuild
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Figure 7.15: The pythonts component generator produces ve classes per component
without behavior model (atomic or composed).

same context conditions as theAutomataTS generator regarding multiple initial states
and identical stimuli (Il. 13-16).

The pythonts Data Type Code Generator

The pythonts data type generator translates UML/P class diagram types into two
representations: First, it creates Python data types for the componet-internal repre-
sentation. Second, it also creates ROS msg data types for the commumition between
nodes. The translation of UML/P class diagrams into plain Python data types trans-
lates CD classes into Python classes under consideration of Python idims: there are no
visibilities but conventions, and Python does not support interface types, and method
overloading is prohibited as well. The code generator translates UML/P casses into sim-
ilar Python representations, i.e, visibilities are translated into member names according
to typical Python conventions, interfaces are translated into abstrad classes (as Python
supports multiple inheritance), and method overloading is prohikited by a generator con-
text condition. The part of this generator translating to plain Python was prepared in
a Bachelor's thesis [Deul4]. Translation into ROS msg models is sligly more complex
as both, UML/P CD and ROS msg are strongly typed, but ROS msg (cf. Listing 7.20)
does neither support generics, nor interfaces, inheritance, gerie types, static mem-
bers, or methods. The lack of interfaces and methods is unproblematias component
implementations take care of marshalling ROS msg types into plain Pyhon types sup-
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1 package d.m.generators.componentsros; \
:
3 generator  ComponentROS

4 conforms d.m.c.i.ComponentGenerator {

s start  d.m.g.c.MainTemplate;

6 language d.m.c.l.adl.MontiArcAutomaton.MAAComponent;

7 rte de.montiarcautomaton.runtimes.pythonts;

8

9 behaviors {

10 d.m.c.l.automata.Automata.AutomatonContent;

u  }

12

13 contextconditions in d.m.g.c.cocos {

14 MultiplelnitialStates,

15 MulitpleldenticalStimulilnState;

6}

17 }

Listing 7.21: Description of a composable component generator that produces
Python implementations interfacing the ROS middleware.

porting both. Inheritance, and static members are prohibited by context conditions.

For UML/P classes yielding generic type parameters, the data type genetor calculates
the actual types of members apriori and produces corresponding ROS msypes with

the generic types replaced. Thus, for a component instantiating twosubcomponents of
type Selector  with di erent arguments for its generic type parameter, this generator

produces two di erent ROS msg types to communicate with these mstances.

1 package d.m.generators.rospythontypes; \
:
3 generator  DataTypesROS

4« conforms d.m.c.i.DataTypeGenerator {

s start  d.m.g.rospythontypes.Main;

6

7 contextconditions in d.m.g.rospythontypes.cocos {

8 NoMethodOverloading,

9 Nolnheritance,

10 NoStaticMembers

u  }

12 }

Listing 7.22: A composable data types generator for the production of Python lasses
and ROS msg types.

DataTypesROS code generator description of Listing 7.22 represents this data type
generator (I. 4) for use with MontiArcAutomaton. To this e ect, it declare s a start
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template (I. 5), and multiple context conditions (ll. 7-11) regarding method overloading,
interfaces, inheritance, and static members to realize the disased restrictions.

7.5 Discussion and Related Work

The assumption of these three speci ¢ generator kinds is tightly coufed to the C&C
nature of MontiArcAutomaton and cannot be generalized to code generator composi
tion challenges in di erent contexts. Approaches to software compositbn that could
be applied to code generators are, for instance, GenVoca [BO92, BSB4] and the
Genesys [#13] extension of the application building center [SMN 07] as well as generator
composition via aspect-oriented programming [ZR11], or feature-driverMDE [TBDO7].
Their relation to the MontiArcAutomaton approach has been discussed in RRRW14].
being generic, these approaches are agnostic to properties of the compdsgenerators.
As such they introduce additional complexities to code generator deslopment which can
be reduced taking the C&C nature of MontiArcAutomaton its generators into account.
While it may be useful to add other generator kinds - for instance a cod generator
kind for object instantiation using the factory pattern [GHJV95] has been introduced
in [RRRW14] - these are not required to separate of MontiArcAutomaton concens.

Code generator composition in MontiArcAutomaton relies on exploiting the genera-
tor description implementations generated from the generator descrifpon models that
implement interfaces according to the three generator kinds. Hencethe validity of a
speci ¢ generator description model depends on the interface theepresented generator
should implement. In consequence, changes to generator interfacest&il changes to
the generator description modeling language and their context conditios as well. This
derivation could be automated by parsing the generator interfaces usinghe Java/P and
generating a proper grammar according to naming and data type conventiongsuch as
lists in the interfaces translated to lists in the grammar).

Furthermore, generator composition also relies on artifact compatibility as expressed
in terms on run-time environments. Such run-time environments may comprise mul-
tiple classes and artifacts for di erent purposes. Hence, developim a code generator
that produces conforming artifacts requires an understanding how his conformance is
achieved (for instance by producing artifacts implementing speicc interfaces). Intro-
ducing a modeling language to describe such dependencies may vee the need for such
coordination. Whether it can be eliminated completely needs to bernvestigated.

The actual execution of behavior generators is performed by the componégenerators.
This imposes requirements on the development of compositional MontiActAutomaton
code generators. As component generators already must translate all comportemodel
parts besides any embedded behavior models, they must traversand process almost the
complete AST anyway (only the subtree containing the behavior models not processed
by the component generator). Although the generator orchestrator could traerse the
AST itself - and call either the component generator or an appropriate behaior gen-
erator - this would require a very broad component generator interface anccomplicate
component generator development.

173



Chapter 7 Compositional Code Generation

Development of the pythonts  generator family that interfaces the ROS [QGC' 09]
middleware via ROS msg data types has shown that using class diagrams asta type
modeling language may pose issues when translating to less expressiormalisms. Multi-
platform applications requiring such translation must either restrict data types to the
minimum expressiveness available on all platforms or employ code gerators supporting
proper data type translation.

The code generators presented in this chapter produce GPL impleentations base
on component types. Although this helps to reduce the number of generad artifacts,
depending on the target GPL, generation based on component instances mighie easier
to implement. As MontiArcAutomaton does not prescribe how generators wok - besides
from employing certain generator kinds - this decision is left to tre generator developers
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Chapter 8

Describing Component & Connector
Applications

All models are wrong but some are useful.

George E. P. Box

Employing software architectures (Chapter 4), bindings (Chapter 6), and code gen-
erators (Chapter 7) requires their integration. Bindings and code genmtors are both
platform-speci ¢ but also interdependent: Bindings map platform-independent interface
components to platform-speci ¢ components, which are tied to GPL inplementations
conforming to a specic run-time environment. Code generators prauce GPL arti-
facts from platform-independent components that conform to a run-time environment
as well. Hence, specifying bindings or generators within the softwararchitecture mod-
els ultimately ties it to platforms compatible to the run-time env ironments referenced
by bound components or selected code generators. Instead, we decoughe platform-
independent software architecture to be (re-)used from code gemnators and bindings
by de ning both in application con guration models. This loose coupling between an
application's constituents allows reusing code generators and arctecture models in dif-
ferent applications without modi cation. Platform-independent arc hitectures, imple-
mentation libraries, and selected code generators can be referencegt multiple appli-
cations and in di erent combinations. Figure 8.1 depicts the typical constituents of a
MontiArcAutomaton application. MontiArcAutomaton applications are characteriz ed
by application con guration models that reference the platform-independent software
architecture, import types of implementation libraries, describe how the interface com-
ponents of the referenced architecture are bound to implementatiodibrary components
(cf. Chapter 6), and de ne which code generators should be applied tohe resulting
architecture (cf. Chapter 7). Thus, the MontiArcAutomaton language family comprises
the MontiArcAutomaton ADL, the generator description language, and the application
con guration language.

Therefore, Section 8.1 presents the MontiArcAutomaton application con guration lan-
guage with its language elements, symbol table, and context conditions. A#érwards,
Section 8.2 describes how MontiArcAutomaton processes MontiArcAutomatorapplica-
tions before Section 8.3 describes their usage by example. Finallye&tion 8.4 discusses
ndings and related work.
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Figure 8.1: The constituents of a typical MontiArcAutomaton application are m ultiple
application con guration models referencing a single platform-indegendent
architecture and multiple generator families as well as implementatn [i-
braries to translate the architecture into multiple platform-specic imple-
mentations.

8.1 Application Con guration Language

The application con guration modeling language combines a single software @hitecture
with bindings and code generators for a single target platform. Thereforea software
development project employing MontiArcAutomaton may contain multip le application
con guration models. The following sections present the language's maeling elements,
symbol table, and context conditions.

8.1.1 Language Elements

Application con guration models have a name, reference a software arckecture, con-
tain a set of bindings, and select a set of code generators. The applicati con gura-
tion modeling language de nes language elements to represent this iafmation prop-
erly. Listing 8.1 shows the application con guration NavigationBotNXTJava for the
NavigationBot software architecture depicted in Figure 6.2. The model rst declaes
a package (I. 1) and subsequently imports the NXTJava component types andata types
depicted in Figure 6.8 (I. 3).

The application con guration begins with the keyword application , followed by a
name, the keywordfor , the quali ed name of the architecture this application con g-
uration refers to, and application con guration's body in curly brackets (ll. 5-6). The
body may contain bindings and references to code generators in arbéry order. The
application con guration of Listing 8.1 rst contains three bindings (Il. 8-10) followed by
four quali ed names referencing code generators (Il. 12-15). The bindigs reference the
subcomponent instance names of the interface subcomponents NfavigationBot and
describe how their types should be replaced. The remainder of thisection introduces
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the language elements for application con guration declaration, de nition of bindings,
and selection of code generators in detail.

package navigationbot;

import NXTJava. *;

application NavigationBotNXTJava
for architecture.NavigationBot {

bind sensor to NXTUltrasonic(SensorPort.PORT 1);
bind navcontrol.left to NXTMotor(MotorPort. PORT_A);
bind navcontrol.right to NXTMotor(MotorPort.PORT_B);

© © N o O » W N B

[
N P O

componentgenerators.ComponentsJava;
datatypegenerators.ClassdiagramJava;
behaviorgenerators.AutomataJava;
behaviorgenerators.|OTableJava;

[
a > w

16 }

Listing 8.1: The application con guration NavigationBotNXTJava references the
NavigationBot software architecture and de nes three bindings.

Application Con guration Declaration

MontiArcAutomaton supports multiple application con gurations per proje ct, hence, it
must be able to distinguish these. The application con guration declamtion provides
means to do so by requiring a name. It begins with the keywordapplication followed
by the application's unquali ed hame as illustrated in Listing 8.2.

1 application BumperBot

2 for architecture.NavigationBot {
3 .

4}

Listing 8.2: The application con guration BumperBot (l. 1) references the software
architecture architecture.NavigationBot (. 2).

In conjunction with the package, its name identi es the application con guration
model (I. 1). After the name, the keyword for declares which software architecture
model this application con guration relates to { restricting it to a s ingle architecture
(I. 2). The architecture's name must either be fully quali ed or im ported. Curly brackets
follow the architecture's name to delimit the application con gurati on's body.
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Bindings

Bindings describe a mapping from a subcomponent path in the transitre subcomponent
hierarchy of the referenced software architecture denoted bgg:s;: ::: sy to a parametrized
component type. Here,sq:s;::::S, is a dot-separated sequence of subcomponent names
that unambiguously identi es a subcomponent in the subcomponent hiearchy of the ref-
erenced architecture (cf. Section 2.4). The identi ed subcomponet must be an interface
component to be replaced. Forfeiting this restriction would allow replacing arbitrary
components and, hence, would allow to change the software architecturbeyond com-
prehension. Whether this is more useful than harmful requires imestigation. T is a

ments for T (cf. Section 6.1). Application con guration models specify such bindngs in
the form

The application con guration BoundBumperBot depicted in Listing 8.3 de nes three
bindings (Il. 4-6). Each begins with the keyword bind , followed by a dot-separated
sequence of names indicating a path in the subcomponent hierarchy dfavigationBot
After this, the keyword to , and the parametrized component type to replace the interface
subcomponent follow.

1 application BoundBumperBot

for architecture.NavigationBot {

bind sensor to ROSUltrasonic("ultra", "front_us");

bind navcontrol.left to ROSMotor("Im", "motor_1");
bind navcontrol.right to ROSMotor("rm", "motor_2");
...

}

Listing 8.3: The application con guration BoundBumperBot de nes three bindings
(Il. 4-6) from interface subcomponents of the component type
architecture.NavigationBot to platform-speci ¢ components.
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The bindings of BoundBumperBot describe how the interface subcomponentsensor
of NavigationBot and left and right of component type NavigationControl
(cf. Figure 6.2) should be replaced. AsNavigationBot instantiates the component
type NavigationControl as navcontrol , the qualied name of the latter two
bindings begins with navcontrol accordingly. Each binding's right-hand side refers
to a component type of the PythonROS implementation library (cf. Figure 6.9) and
parametrizes if correctly. The bound component types may be importd and referenced
by their unquali ed name or their quali ed name if not imported. Bind ings may provide
arguments for parameters not set by the software architecture only. Thé prohibits for
bindings to overwrite architecture properties as required by Re. MRQ-8.2.
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Code Generators

Application con guration models also select the code generators to applyTo this e ect,
application con guration models may contain a set of quali ed code generabr names.
In contrast to an earlier version of this language presented in [RRRW14], here are no
keywords for the selection of individual generator kinds. Instead, tke context conditions
take care, that the selection is valid and MontiArcAutomaton derives the referenced
generator's types via their symbol table entries (cf. Section 7.2.2).

1 application BoundBumperBotPythonROS \
for architecture.NavigationBot {

bind sensor to ROSUltrasonic("ultra”, "front_us");
bind navcontrol.left to ROSMotor("Im", "motor_1");
bind navcontrol.right to ROSMotor("rm", "motor_2");

componentgenerators.ROSPythonComponents;
datatypegenerators.PythonCD;
behaviorgenerators.AutomataPython;
behaviorgenerators.|OTablePython;
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12 }

Listing 8.4: Application con guration BoundBumperBotPythonROS selects four
code generators for translation of components (1. 8), class diagrams (. 9),
and two behavior languages (Il. 10-11).

The application con guration BoundBumperBotPythonROS of Listing 8.4 selects
four code generators by their quali ed names (Il. 8-11). These names ref to the gener-
ators' con guration models (cf. Section 7.2), which provide all information to determine
whether this selection is valid.

8.1.2 Symbol Table

The application con guration language symbol table de nes a single entry type: the
ApplicationConfigurationEntry . It comprises all information required to check
the well-formedness of application con guration models: theMAAComponentEntry of
the referenced architecture (cf. Figure 4.3), theGeneratorDescriptionEntry sym-
bol table entries (cf. Figure 7.4) of the participating generators, and a nap from sub-
component paths to subcomponent entries that represents bindingsThis integration is

enabled by the language aggregation of MontiCore and allows reasoning about modeis
other languages (i.e., components and code generator descriptions) frorhd perspective
of a MontiArcAutomaton application.

Figure 8.2 depicts the application con guration symbol table entries and their rela-

tions. Note that this structure ties the application con guration symbol table and the ap-
plication con guration language to the symbol table entries of the MontiArcAu tomaton
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| %&& t

Figure 8.2: The symbol table of the application con guration language referenes entries
of the MontiArcAutomaton ADL and of the generator description language.

ADL and the code generator description language. However, as long as their sypol
table entries remain unchanged, changes to their respective abstrasyntax trees do not
a ect the application con guration language.

8.1.3 Context Conditions

The application con guration context conditions ensure the models' wdl-formedness by
checking whether the referenced architecture, subcomponentand code generators exist,
and whether the code generator selection and bindings are valid. To tlsi e ect, the
application con guration context conditions are separated into uniqueness conditions,
convention conditions, referential integrity conditions, and type correctness conditions.
The following sections describe these context conditions. Some ofi¢ context conditions
operate in the context of the application con guration's software architecture. For the
following examples, we assume th&xplorerBot  architecture illustrated in Figure 3.2.

Uniqueness Conditions

The application con guration uniqueness conditions check uniquenes of bindings and
participating code generators. Restrictions on code generators are deed from the
nature of embedding behavior languages into components: there may be lyna single
data type generator, a single component code generator per application, andhultiple
behavior generators. The structure of the application con guration's grammar already
restricts application con guration's to reference a single software achitecture, hence,
this requires no context condition. Violation of uniqueness conditiors raises errors.
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CUL: All subcomponents are bound unambiguously.

De ning two bindings to the same subcomponent introduces underpeci cation that
must be resolved prior to code generation. Such underspeci cationsi unsolicited and
processing such an application con guration creates unexpected refig as the order of
bindings is not intended to imply an order of their application. Hence, binding the same
subcomponent of the architecture'ssubcomponent hierarchymultiple times is prohibited.

The application con guration BumperBotNXTJava of Listing 8.5 violates this condi-
tion by binding the subcomponent sensor multiple times (Il. 4-8). It speci es that the
type of sensor should be replaced withNXTUIltraSonic  (Il. 4-5) and with NXTColor
(Il. 7-8), which is impossible in the target software architecture.

1 application BumperBotNXTJava

for arc.ExplorerBot {

2

3

4 bind sensor @ // Component 'sensor' bound multiple times.
5 to NXTUIltraSonic(PORT _1);
6
7
8

bind sensor @ // Component 'sensor' bound multiple times.
to NXTColor(PORT_2);
o I ..

10 }

Listing 8.5: The BumperBotNXTJava application con guration binds the
subcomponentsensor twice (ll. 4-8).

CU2: Exactly one code generator for component structure.

Each application describes transformation and code generation for exactlgne software
architecture and one target platform. Hence, each application con guration may refer-
ence only a single component code generator. Although referencing, anduk executing,
two component generators might not raise issues, it is unspeci ed whber executing
the second code generator interferes with (artifacts produced by}he rst generator.
Therefore, this context condition prohibits such con gurations.

In case the generatorsCompPythonV272 (l. 4) and CompPythonV330 (I. 5) as ref-
erenced in Listing 8.6 are valid component generators, i.e., their gemator descrip-
tions are valid and declare that the represented generators implementhe interface
ComponentGenerator , the application con guration BumperBotROSPython vio-
lates this context condition. This context condition is checked agains the application
con guration's AST, as its symbol table does not support multiple component generators
(cf. Section 8.1.2). Generator names are resolved &eneratorDescriptionEntry
instances (cf. Section 7.2.2). If two or more symbol table entries claimo contribute a
component generator, this context condition raises the error depictedn Listing 8.6.
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1 application BumperBotROSPython \
for arc.ExplorerBot {

CompPythonVv272; @ // Multiple component generators.
CompPythonVv330; @ // Multiple component generators.
...

}

Listing 8.6: This application con guration is invalid as it contains multip le code
generators responsible for the same language fragment (. 4-5).

N o o~ W N

CU3: Exactly one code generator for data types.

For the same reasons application con guration models may reference only aingle
component generator, they may reference a single data type generator gnlThe proce-
dure to check whether the generator selection contains two or more dattype generators
also checks the models' AST and resolves all generators to nd multigg generator models
referencing data type generators. In case the context condition ndssuch generators, it
raises the errors depicted in Listing 8.7, whereCDJava (I. 4) and CDPython (l. 5) are
both data type generators.

1 application BumperBotROSNative

for arc.ExplorerBot {

dtg.CDJava; @ // Multiple data type generators.
dtg.CDPython; @ // Multiple data type generators.
...

}

Listing 8.7: The application con guration BumperBotROSNative contains two
code generators responsible for transformation of data types (Il. 4-5)
and, hence, is invalid.
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CU4: Exactly one code generator per behavior language.

The MontiArcAutomaton code generator composition also requires that thereis ex-
actly one code generator per behavior language embedded in the referemkt software
architecture. To check this, the context condition resolves all conponents of the architec-
ture and collects their behavior languages. If there is any behavior laguage for which no
code generator is responsible, it raises the error illustrated wittapplication con guration
ExpJava depicted in Listing 8.8. This application con guration references the archi-
tecture ExplorerBot  as depicted in Figure 3.2 on page 32, which employs embedded
Automata models. As the application con guration does not provide a code generator
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responsible for the embeddedAutomata grammar production Automaton.Body , it
raises the depicted error (Il. 16-17).

generator  ADComponentsJava

1

2 implements = ComponentGenerator {

3 start ComponentMain;

4 language MontiArcAutomaton.MAAComponent;
5 runtime javats;

6 behaviors  ActivityDiagram.Body;

7}

8
9

generator  ActivityDiagramsJava
10 implements  BehaviorGenerator {
1 start  ActivityDiagram;
12 language ActivityDiagram.Body;
13 runtime javats;

14}

15

16 application ExpJava @ // Missing generator for behavior
17 for ExplorerBot { /I ‘Automaton.Body'.

18

19 ADComponentsJava; @ // Redundant generator for

20 /I 'ActivityDiagram.Body'.

21

22 ActivityDiagramJava; @ // Redundant generator for
23 /I 'ActivityDiagram.Body'.

24

25 ClassdiagramJava;

26 }

Listing 8.8: This application con guration is missing a code generator for the

languageAutomata.AutomatonContent and provides too many code
generators for the language fragmentctivityDiagram.Body

Overspeci cation of generators responsible for a speci ¢ language fragmeéns pro-
hibited as well. As component generators can contribute behavior language geration
capabilities, this context condition considers behavior generators ath component code
generators for provided behavior language translation capabilities.

The two example behavior generators depicted in Listing 8.8 ADComponentsJava
(Il. 1-7) and ActivityDiagramsJava (Il. 9-14), for instance, support translation of
the UML/P activity diagram language fragment ActivityDiagram.Body (. 6,12).
Hence, the application con guration ExpJava (ll. 16-25), which employs both code
generators, is invalid and this context condition produces the disphyed errors (Il. 19-24).
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Convention Conditions

Application con guration models resemble singleton [GHJV95] classes of ob{-oriented
systems in the sense that they cannot be instantiated multiple tirres for di erent projects.
Therefore, the single naming convention requires that the names of apigation con gu-
ration models begin with a capital letter as well.

CC1: The names of application con guration models begin with a capital lett er

The names of application con guration models should begin with a capital ldter.
Otherwise, this context conditions produces a warning as displagd in Listing 8.9. Here,
the illustrated application con guration expRob begins with a lower-case letter, which
produces the displayed warning (Il. 1-2).

1 application expRob & /I Application configurations \
2 for rob.Explorer { /I start upper-case.
3 oL

4}

Listing 8.9: Application con guration expRob begins with a lower-case letter and
consequently raises a warning (ll. 1-2).

Referential Integrity Conditions

The application con guration language's referential integrity conditions check whether
the constituents referenced by name exist and whether these refences are valid. This
comprises checking that all subcomponents of the referenced arckeitture are bound and
that the code generators are compatible.

CR1: The referenced architecture exists.

An application con guration is meaningful only in the context of a software architec-
ture. Hence, it is crucial that the referenced software architectue exists. In case the
architecture is missing, the context conditions regarding bindingsare meaningless and
some of the conditions related to code generators are as well. ConsidegixplorerBot
(Figure 3.2) and related component types being the only component typeavailable, the
application con guration BBRobotino of Listing 8.10 is invalid as the referenced soft-
ware architecture arc.XumperBot cannot be resolved. Hence, this context condition
raises the depicted error (Il. 1-2).
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1 application BBRobotino @ // Inexistent architecture \
2 for arc.XumperBot { /I 'arc.XumperBot'.
R/

4}

Listing 8.10: This application con guration references the inexistent software
architecture arc.XumperBot , which raises the error depicted.

CR2: All interface subcomponents of the referenced architecture are bound.

Code generation for software architectures with interface componentgither cannot
produce executable systems or must produce executable systemvith underspeci ed be-
havior. This is due to the interface components omitting any execuéble behavior. While
individual code generators may produce executable systems fromtgrface components,
MontiArcAutomaton cannot assume this in general. Therefore, application congura-
tions that reference architectures with interface components, btido not bind all of these
components are considered erroneous and are rejected by this contextradition.

1 application TurtleBumper @ // Unbound interface \
for arc.ExplorerBot { /I component 'sensor'.

bind left to TurtleBotMotor();
bind right to TurtleBotMotor();

generators.ComponentsWithAutomataPython;
generators.CDPython;
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}

Listing 8.11: This application con guration does not bind the interface component
sensor of the referenced software architecture, which gives rise to the
depicted error.

The application con guration TurtleBumper  of Listing 8.11 references the software
architecture ExplorerBot  depicted in Figure 3.2, which contains the three interface
subcomponentssensor , navigation.left , and navigation.right . As it only
provides bindings for the latter two, this context condition raises the error depicted in
the listing (Il. 1-2).

CR3: All bound subcomponents exist and are of interface components.
Application con gurations binding subcomponents that do not exist in th e referenced
software architecture or that are no interface components are obvioushconsidered er-

roneous as well (cf. Def. 4). Permitting bindings to other component ypes would al-
low replacing all subcomponents of the referenced software architagae, and therefore
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render the initial architecture meaningless. Listing 8.12 illustrates both errors: The
application con guration DistributedBB for the platform-independent architecture
arc.ExplorerBot binds the subcomponentcontroller , Which is of non-interface
kind (I. 4). The binding of subcomponent logger (I. 7) raises another error as that
subcomponent does not exist in the software architecture.

1 application DistributedBB

for arc.ExplorerBot {

bind controller to JavacCtrl(); @ // Subcomponent ‘controller’
/I is no interface component.

bind logger to Javalogger(); @ /I Inexistent subcomponent
... /I 'logger".

}

Listing 8.12: The application con guration DistributedBB binds a subcomponent
of non-interface type (I. 4) and a inexistent subcomponent (I. 7).
Therefore, it gives rise to two errors.
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CR4: All implementation components types used for bindings exists.

As the bound subcomponents must exist in the software architecture,so must the
bound platform-speci ¢ implementation component types exist as wel. Otherwise,
trying to apply the binding transformation (cf. Listing 6.2) will fail . Consequently,
such application con gurations are prohibited and rejected by this context condition.
The application con guration ScalaBumperBot of Listing 8.13 demonstrates the error
raised by context condition CR4 on a binding from interface subcomponet sensor of
ExplorerBot  to the inexistent component type NXTLadar. Therefore, this context
condition raises the error depicted (Il. 4-5)

1 application ScalaBumperBot

for arc.ExplorerBot {

2
3
4 bind sensor to NXTLadar(); @ // Inexistent component type
s .. /I 'NXTLadar'

6

}

Listing 8.13: Binding the existing interface subcomponentsensor to an inexistent
component type raises the depicted error.
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CR5: All referenced code generators exist.

Obviously, all code generators referenced in an application con gurationmust ex-
ist. Otherwise, checking code generator related context conditios and proper code
generation are impossible. Considering only the Java generatordutomataJavaTS
ClassdiagramJava , and ComponentsJavaTS (introduced in Section 7.4), the ap-
plication con guration EmbeddedJavaBot of Listing 8.14 is invalid as it references the
inexistent code generatorSmallComponentsJava (. 4).

1 application EmbeddedJavaBot \
2 for arc.ExplorerBot {
3

4 SmallComponentsJava; @ /| Generator does not exist.

s ..

6}

Listing 8.14: The application con guration EmbeddedJavaBot references an
inexistent code generator (I. 4) and, thus, is erroneous.

CR6: All referenced code generators conform to the same run-time en vironment.

Application con guration models select multiple code generators to poduce an in-
tegrated, executable system. To ensure proper integration, the partipating compo-
nent code generator and the behavior generators must produce compatiblartifacts.
With MontiArcAutomaton, this is expressed as conformance to the same rurtime en-
vironment. Considering the Java code generatorf\utomataJavaTS , CDJava, and the
Python code generatorComponentsPython (Section 7.4), the application con guration
model SimulationBot of Listing 8.15 is invalid: the generators AutomataJavaTS
and ComponentsPython produce artifacts conforming to di erent run-time environ-
ment (Il. 1-2).

1 application SimulationBot @ /I Generators 'AutomataJavaTS'
2 for arc.ExplorerBot { /I and 'ComponentsPython' use
3 AutomataJavaTs; [/l different run-time environments.
4 CDJava;
s ComponentsPython;
6
}

Listing 8.15: Two of the code generators used by application con guration
SimulationBot rely on di erent run-time environments (Il. 1-2).
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CR7: Code generators and bound component types conform to the same run-t ime
environment.

Considering the component generatorComponentsPython of Listing 7.6 and the
platform-speci c components of thejavats library depicted in Figure 6.8, the applica-
tion con guration OfficeBot  of Listing 8.16 is erroneous. The component generator
produces artifacts that conform to the run-time environment pythonuntimed  (cf. List-
ing 7.6, I. 8), while subcomponentleft is bound to component type NXTMotor con-
forming to the run-time environment java-timesync . Applying bindings and code
generators would produce a GPL implementation of component typeExplorerBot
which, for instance, expects behavior implementations to conform ¢ the run-time envi-
ronment pythonuntimed  { which is incompatible to the behavior implementation of
component type NXTMotor .

1 application OfficeBot \
2 for arc.ExplorerBot {
3

4 bind left to NXTMotor(PORT_A); @ // Bound component type does

5 /I not use the component

e  ComponentsPython; /I generator's RTE.

7L

e }

Listing 8.16: The application con guration OfficeBot  employs a code generator
and a binding of incompatible run-time environments.

Type Correctness Conditions

The type correctness conditions of the application con guration language clkck the type
correctness of bindings. This includes checking that interfaceufocomponents are bound
to platform-speci ¢ components only and that they are parametrized properly.

CT1: The bound implementation's component type is platform-speci c

Binding interface components to interface components does not contsute behavior to
the architecture. In consequence, this is prohibited and contexcondition CT1 performs
the according checks. To this end, it resolves all implementation amponent types refer-
enced in bindings and checks whether these are of interface compongnThe application
con guration GroovyExplorer  shown in Listing 8.17 contains such a binding (l. 4) that
maps the interface componentsensor to the interface component DistanceSensor
(cf. Figure 6.7). Context condition CT1 detects this and produces the displayed error.
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1 application GroovyExplorer \
2 for arc.ExplorerBot {
3

4 bind sensor to DistanceSensor(); @ // Cannot bind to interface

s .. /I component kind.

6}

Listing 8.17: The component type DistanceSensor is interface and, therefore,
cannot be bound (I. 4).

CT2: The bound subcomponent's type is a super type of the component type t o be
replaced.

To ensure interface compatibility, the types of interface subcompnents may only
be replaced with inheriting component types. Context condition CT2 ensures this by
traversing the inheritance hierarchy of each replacing type meribned in a binding and
raises an error if that hierarchy does not contain the bound subcomponetd type. As-
suming, for instance, that component type NXTMotor does not extend - directly or
transitively - the component type DistanceSensor  (cf. Figure 6.7), the application
con guration ROSPythonNXT as depicted in Listing 8.18 violates this context condition
as it binds the subcomponentsensor to NXTMotor (l. 4).

1 application ROSPythonNXT

for arc.ExplorerBot {

2
3
4 bind sensor to NXTMotor(); @ // NXTMotor does not extend
s .. /I component type of 'sensor'.

6

}

Listing 8.18: The depicted application con guration binds the subcomponent
sensor to the component type NXTMotor. As NXTMotor does not
descend fromDistanceSensor , this is invalid.

CT3: Arguments for all new implementations component types' con gurati on pa-
rameters without default values are provided.

Bindings introduce new component types to the software architectue, which must ex-
tend the bound subcomponent's type. The extension mechanisms of Mal\rcAutomaton
allow to extend the list of con guration parameters inherited from a super component,
which is exploited to specify additional platform-speci c con gurati on parameters (as
required by Req. MRQ-8.1). If these parameters do not provide default values, the
bindings must specify arguments for these. However, as arguments foosie of these
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parameters may be already de ned in the software architecture, thes are considered
paramount and may not be rede ned by bindings (cf. Req.MRQ-8.2). This follows the

idea that the original software architecture is decisive and therefoe, bindings may give
arguments for the parameters of implementation component types that are ot already

given in the software architecture only.

In consequence, this context conditions can raise two di erent erors: First, bindings
can omit arguments required by the bound component type. Second, thegan overwrite
arguments already speci ed in the software architecture. Both errorsare illustrated in
the application con guration BumperBotCPP depicted in Listing 8.19, which binds the
subcomponentssensor (l. 4) and timer (. 6). The component type NXTUItrasonic
bound to sensor extends DistanceSensor (cf. Section 6.2.1) and introduces the
con guration parameter port to describe which physical port of the NXT robot its
behavior implementation is connected to. The binding omits to speify an argument for
this parameter and thus, this context condition raises the displayel error (. 4). The
second binding fromtimer to JavaTimer species an argument for the parameter
delay , which JavaTimer inherits from Timer . This is prohibited as the software
architecture already de nes an argument for it, which is considered ramount. Hence,
this context condition raises the second error (l. 6).

1 application BumperBotCPP

for arc.ExplorerBot {

bind sensor to NXTUIltrasonic(); @ // Missing argument.
bind timer to JavaTimer(2); @ /I Overwriting argument
.. /I of component ‘timer'.
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}

Listing 8.19: Application con guration BumperBotCPP contains two bindings with
missing (I. 4) and redundant (I. 6) arguments.

CT4: Arguments for all generic type parameters of bound subcomponents a re pro-
vided and correct.

Extending platform-speci ¢ implementation component types may add new generic
type parameters or reduce these by assigning values to the super compent's generic
type parameters. Generic type parameters can govern types of ports. dretain the
validity of connectors, ports of the platform-speci ¢ component type must be of the
same types than the ports of the bound interface component. Thereforethis context
condition requires that for each port of the interface subcomponent, ttere is a port of the
same name and type in the subcomponent derived from applying the bindgs' generic
type arguments to the replacing component type. This is a stronger rquirement than
extension and su ces to ensure the integrity of the connectors.
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1 interface component GenericSensor<T> { \
2 port
3 out T data;

4}

5

6 component RGBASensor<U> extends GenericSensor<U> {

7/l Component modeling elements.

s }

9

10 component ExtendedBumperBot {
11 port

12 out Integer reading;

13

14 component GenericSensor<integer> gs;
15 connect gs.data -> reading;

16 /[ Additional components and connectors.

17 }

Listing 8.20: The composed component ExtendedBumperBot instantiates
RGBASensor and de nes its generic parameter to belnteger

Consider the component typesGenericSensor , RGBASensor and their usage with
component type ExtendedBumperBot  as depicted in Listing 4.12. The interface com-
ponent GenericSensor  declares the generic type parameteiT to de ne the type of
its outgoing port data . Hence, the possible connectors are restricted by the actual ar-
gument for parameter T passed to it at subcomponent instantiation. The component
type RGBASensor extends GenericSensor and employs a generic type parametet)
which it expects to be de ned a instantiation and passes to itsGenericSensor  part
(I. 6). Hence, instantiating RGBASensor with a speci ¢ data type entails that it de-
nes a port data of that type. The component type ExtendedBumperBot yields an
interface consisting of the singleinteger  port reading (l. 12) and instantiates a sub-
component gs of type GenericSensor  with type argument Integer (. 14), which
entails that this subcomponent's port data is of type Integer . It furthermore con-
nects that port to its outgoing Integer port reading . In this context, the application
con guration of Listing 8.21 is invalid: If the new component type of gs should become
RGBASensor<Float> , its port data will assume the type Float and, hence, cannot
be connected to portreading . Thus, this context condition raises an error as depicted
and rejects this application con guration.

8.2 Processing MontiArcAutomaton Applications
MontiArcAutomaton MontiArcAutomaton applications are projects containing a M onti-

ArcAutomaton ADL software architecture and at least one application con guration
model. MontiArcAutomaton processes applications in two phases: Firstit processes
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1 application RobotinoJava

for ExtendedBumperBot {

bind gs to RGBASensor<Float>(); @ // Invalid type parameter.
..

}

Listing 8.21: Application con guration RobotinoJava produces an error by
binding sensor to component type RGBSensor<Float> (l. 4), hence,
changing the type of port data from Integer to Float and, thus,
violating the integrity of ExplorerBot
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the application con guration model, checks its context conditions, apgies the bindings,
and stores the selected code generators. Afterwards, it processesetitransformed soft-
ware architecture, checks its context conditions, applies furthe transformations, starts
generator composition, and ultimately generates GPL artifacts. Enablingthis procedure,
requires integration of the participating languages. To this end, MontiArcAutomaton
employs the MontiCore language integration mechanisms as follows:

Behavior languages are embedded into the MontiArcAutomaton ADL and aggre-
gated into the MontiArcAutomaton ADL language family.

The MontiArcAutomaton ADL language family is aggregated with the genera-
tor description language and the application con guration language to the overal
MontiArcAutomaton language family.

This coupling results in the overall MontiArcAutomaton language family as depicted
in Figure 8.3. Hence, the MontiArcAutomaton can resolve application con gurations,
as well as the referenced architecture and generator descriptions.

In processing applications in two phases, executing MontiArcAutomabn di ers from
typical MontiCore executions (cf. Figure 2.3). Fully processing a MontiArcAutomaton
application requires participation of the toolchains of the application con guration lan-
guage, the generator description language, and the MontiArcAutomaton ADL.

First, the application con guration infrastructure parses the applic ation's con gura-
tion model as depicted in Figure 8.4. This may include loading the syrhol table entries of
referenced generators, which requires the generator descriptionfrastructure to provide
these symbol table entries. Providing these entries may inclde parsing the generator
description models of participating generators, checking their cotext conditions, and
creating their symbol table entries. Similarly, the MontiArcAutomat on ADL infrastruc-
ture must produce the component symbol table entries for the softwae architecture.
This may also include parsing, context condition checking, and symbotable creation.
Afterwards, the symbol table for the processed application con guration model can be
created and the language's context conditions are checked. Subsequbntthe binding
transformation (cf. Section 6.3) of the application con guration language transforms the

192



8.3 Modeling MontiArcAutomaton Applications

)

1
AN

Figure 8.3: The MontiArcAutomaton language family combines software architecures,
code generator descriptions, and application con gurations.

referenced software architecture and passes it to the MontiArcAutomabdn ADL infras-
tructure. The latter checks the well-formedness of the architeture model, composes the
participating code generators, and ultimately generates the target GPLartifacts.

8.3 Modeling MontiArcAutomaton Applications

Reusing a single platform-independent architecture with two phtforms employing dif-
ferent GPLs (cf. Section 3.1) with C&C applications builds on the modding languages
presented in Chapter 4, the bindings and libraries of Chapter 6, and thecode generation
framework of Chapter 7.

Figure 8.5 depicts the constituents of the MontiArcAutomaton application comprising
a platform-independent MontiArcAutomaton software architecture ExplorerBot  and
the artifacts to derive two platform-speci c implementations from it. Creating these two
implementations from the ExplorerBot  software architecture of Figure 3.2 (interface
subcomponents are shaded blue), requires the application modeleo fprovide correspond-
ing application con guration models. Therefore, she integrates a behaor language
provided by a language engineer into MontiArcAutomaton as presented in Sgtion 4.2.
Afterwards, she models the software architecture as required, butises the interface com-
ponents DistanceSensor , Timer , and Motor from the BumperBotModels library.
To transform the platform-independent ExplorerBot  into platform-speci ¢ variants for
the robot platforms depicted in Figure 3.1, she selects proper impleentation libraries
for both platforms. For the scenario, these are theJavaNXT library of Section 6.2.2 for
the Lego NXT platform and the PythonROS library presented in Section 6.2.3 for the
Pioneer 3-AT platform. Given the ExplorerBot  software architecture containing in-
terface components and their platform-speci ¢ realizations, she crates two application
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Figure 8.4: A typical MontiArcAutomaton execution involves the toolchains of all par-
ticipating languages.

con guration models (cf. Chapter 6), one for each platform and models prope bind-
ings for each platform. Afterwards, she selects appropriate combination®f run-time
environments and code generators as presented in Chapter 7. From thesgplication
con guration models MontiArcAutomaton produces platform-speci ¢ archi tecture mod-
els (arrow\A"), which are translated into platform-speci ¢ GPL impl ementations (arrow
\B") afterwards.
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Figure 8.5: Constituents of a reusable, platform-independent C&C apfication, their

prime relations, and produced artifacts.

This supports non-invasive reuse along six dimensions:

1.

Single components: Both platform-independent and platform-specic components
can be reused with corresponding architectures in a black-box fagtn. The former
with all platform-independent architectures, the latter with all platform-specic

architectures for the same target GPL and RTE.

Complete architectures: Platform-independent architectureswith interface com-
ponents can be reused in a black-box fashion with similar applicationsas well.
It su ces to provide required platform-speci ¢ components and to specify corre-
sponding bindings.

Behavior languages: Behavior modeling languages can be reused in dient lan-
guage combinations with little e ort.

. Component generators: Generators that produce artifacts for the repreentation

of structural architecture elements with respect to a speci ¢ target GPL and RTE
can be reused with all platforms supporting both.

Data type generators: The production of data types is decoupled from REs,
hence for each platform supporting a data type generators target GPL, reusg it
amounts to simply selecting it in an application con guration.

Behavior generators: For the same combination of target GPL and RTE, reusig
behavior generators also amounts to selecting these with a compatiblgenerator
family as well.
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Furthermore, if a new target platform requires implementations in a yet unsupported
GPL, the e ort to develop required infrastructure parts is well separated between the
participating experts: The run-time environment developer creates a RTE and the gen-
erator developers provide proper code generators. The implementatn library provider
provides platform-speci ¢ components and their implementations br this new GPL. Af-
terwards, the application modeler integrates these by simply de ning a new application
con guration model.

8.4 Discussion and Related Work

Architecture con guration models tie together software architecture, implementation li-
braries, and code generators of a C&C application. To this e ect, they pecify bindings
and select code generators in a concise syntax close to the MontiArcAutoaton ADL.
With these, reusing a single software architecture with multiple target platforms requires
minimal e ort. However, to the best of our knowledge, other architecture modeling lan-
guages consider software architectures the only development modeMDEK95, GMW97,
GMWO00, VVKMO00, PM03, NDZR04, DSLT05, BCL * 06, LPJ10, FG12]. Hence, ex-
pressing features about a software architectures, such as how to riggze subcomponents,
or how to generate code for it, pushed into the modeling framework andarely doc-
umented. An exception to this is ArchJava, which enriches Java wth architecture
modeling elements and hence is tied to Java [ACN02]. Where code geration is sup-
ported [KGO* 01, BGBKO08, FG12, SSL11, DKS 12] this is tied to a few xed code
generators and neither their reuse, nor their composition are taken i account.

Also, MontiArcAutomaton currently does not support composition of multipl e code
generators that support the same input modeling languages (e.g., a componegenerator
and a behavior generator that both process the same behavior language). Whidevel-
opment of a heuristic or selection mechanism for this is easy, introgcing new elements to
the code generator selection mechanism (Section 8.1.1) would complicatee modeling
language and introduce additional notational noise [Wil01]. Whether employng a more
general modeling language for this (such as feature diagrams [SHTO06]) is bett suitable
to express the requirements in generator composition is to inveggiate.

Application con guration models de ne model transformations from single platform-
independent software architecture into single platform-speci c implementations. Sup-
porting multiple related blocks of bindings and code generators in a iagle applica-
tion con guration is generally possible. However, such multi-applicaion con gurations
would entail updating this central artifact whenever a new target platform is included
or platform-speci ¢ components for a single target platform change. Change$o a single
target platform in con gurations consisting of multiple models do not in terfere with the
other application con guration models and, hence, reduce the risk of itroducing errors
by side e ects.
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Experiments

Man prefers to believe what he prefers to be true.

Francis Bacon

We have evaluated MontiArcAutomaton with various component behavior language
on multiple robot platforms ranging from simulators to educational Lego NXT robots
to complex service robots. To this e ect, we have developed code gerators for dif-
ferent target languages [RRW13b], which includes code generation to MonfEKM98]
for formal analysis, EMF Ecore [SBMPO08] for graphical editing, and Java and Pyhon
for deployment. Many applications require additional components to acess platform-
speci ¢ software and hardware. Hence, proper libraries for speci ¢ taget platforms and
applications were developed. This enables to use MontiArcAutomaton wih

Lego NXT robots and simulators using ROS [QGC 09],
Festo Robotino robots using ROS [QGC 09], SmartSoft [SSL11],
Lego NXT robots using LeJOS [LeJ], and

the Simbad! simulator.

Additionally, we have developed GPL speci c libraries to provide GPL functionalities
(e.g., le I/O). The libraries comprise from 4 (ROS turtlesim 2) to 21 (LeJOS NXT) com-
ponents and can be easily imported by MontiArcAutomaton applications to usethese
with di erent platforms. In the following, Section 9.1 illustrates three evaluations in
academic contexts before Section 9.2 presents three case studiesatademic and indus-
trial contexts. For each evaluation and case study, we describe the evadited features of
MontiArcAutomaton. For evaluations, we also discuss the results of survgs performed
at di erent states of the projects.

9.1 Evaluations

We have performed three evaluations in lab courses at RWTH Aachen Univesity. These
lab courses were performed in di erent semesters, with studentof di erent courses,

1Simbad website: http://simbad.sourceforge.net/
2ROS turtlesim simulator: http://wiki.ros.org/turtlesim
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Chapter 9 Experiments

Figure 9.1: The distributed robotic co ee service implemented with Lego NXT robots
using the LeJOS JVM as operating system.

and with di erent versions of MontiArcAutomaton. In each lab course, we conducted
interviews with the participants and questionnaires. For each evalation, the following
sections discuss observations and threats to validity.

9.1.1 NXT Java Co ee Delivery

With the JavaNXT library presented in Section 6.2.2, and thejavats code generator
family presented in Section 7.4.1, we evaluated MontiArcAutomaton duringa lab course
in winter term 2012=13 with eight master level students [RRW13a]. We employed a
development process following Scrum [Rub12]. The students acteds application mod-
elers by developing a distributed robotic co ee service consistig of the three robots
illustrated in Figure 9.1 and as application programmers for implementirg the behavior
of components not easily expressible as automata (cf. Red.RQ-2). The run-time en-
vironment and system component implementations were provided. In this evaluation,
the students used the MontiArcAutomaton ADL language family with embedded Au-
tomata to model a platform-speci c software architecture and employed a nonolithic
code generator (cf. Req.TRQ-4) to reduce the number of Java artifacts of the resulting
implementations (cf. Req. TRQ-8) for better performance on the Lego NXT robots.
With the system, users can issue co ee requests via a website. hIs website is hosted
on a smart phone connected to the co ee preparation robot depicted in Figee 9.1 via
Bluetooth. Once it receives a request, it commands the co ee delery robot to fetch a
plastic mug from the mug provider robot. Afterwards, the co ee delivery robot returns

SA video of the system in action is available via https://www.youtube.com/watch?v=
xvIYN-6awfk
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to the co ee preparation robot, instructs it via Bluetooth to prepare co ee and drives to
the user who ordered the co ee. In lieu of sophisticated localizatiorsensors, navigation
was guided by black lanes with colored junctions. The system's softwar architecture
consists of 23 component type de nitions used in 60 component instanceOf these, 39
are components imported from various libraries.

The lab course was divided into three stages: First, the students pepared presenta-
tions of the course's topics ranging from MontiCore to MontiArcAutomaton to d evelop-
ment infrastructure. Afterwards, they produced the co ee delivery system and nally,
they worked on di erent aspects of the MontiArcAutomaton infrastructur e. After the
second stage, the students participated in a questionnaire on the maing tools and
their complexities [RRW13a]. The detailed survey results are avadble in Section B.1 of
the appendix.

Observations

We observed that behavior modeling using automata was considered mosbmplex (con-
sumed 37% of the students' time), followed by physical robot construton (24%), Java
behavior implementation (20%), and structure modeling (19%). Consegently, the stu-
dents were more condent in using the other students' Java classe and component
models (70%), than their automata (60%) and estimated the complexity of their team
members' artifacts accordingly. Figure 9.2 (a) illustrates the estimates of the latter.
Although the students consideredAutomata models more complex (63 points out of
10 points) than Java artifacts (4:3 points), they were similarly con dent with both as
displayed in Figure 9.2 (b). Exposing the same con dence to MontiArAAutomaton com-
ponents as to Java, which the students learned in the rst semesteand used many times
afterwards, highlights its bene ts regarding comprehensibility.

The students of this lab course modeled atomic and composed MontiArcAutoraton
components to describe the three robots' software architectures. nl the development
stage, they changed the behavior description of most atomic components dm Java
artifacts to behavior models. We therefore assume that MontiArcAutomaton is suitable
for modeling the software architecture of complex, distributed sofware systems. Further
observations have been published in [RRW13a].

Threats to Validity

This evaluation was performed in an educational context at RWTH Aachen Univeasity
and the eight master level students participated to obtain a rated ceti cate. Due to
the complexity of the task at hand and the size of the group, we could not segrate the
lab course into an experimental group and a control group. This raises thrats to the
evaluation's internal validity (causality) and to its external validi ty (generalizability).
Threats to this evaluation's internal validity arise from the student's lack of previous
modeling experience compared to experience with Java as presioed by their curriculum.
This selection bias manifested in the greater con dence in Java arfacts compared to
automata. Furthermore, the instruments to evaluate MontiArcAutomaton are subject to

199



Chapter 9 Experiments

$% "# &' (' $% "#' & ('

Figure 9.2: The students estimatedAutomata behavior modeling most complex and
had the least con dence in atomic components withAutomata models de-
veloped by their team members.

issues themselves. For instance, participants interpret the sales of questionnaire answers
di erently and give answers based on their self-perception only. Wetried to alleviate
this bias with interviews. However, as this lab course was on model+izen development
of robotics applications and the students knew that they were assessethe study may
also be subject to compensatory rivalry. As the study did not comprisea control group
and an experimental group, the e ect of such rivalry can be hardly estinated.

Threats to external validity arise from the small number of participat ing students and
from the interviews being performed by the advisors instead of inteviewers unrelated to
the desired certi cate's grade. Whether the results of this case widy are reproducible
with other groups of similar master students or whether the same studets would perform
di erently in another context is hardly predictable in a universi ty context. Lab courses
are performed every semester and hence, the modeling languages andrastructure
advance from one lab course to another. Furthermore, master level stuads at RWTH
Aachen University must participate in a single lab course only, hence asembling the
same group for a similar task in another context is rarely possible.

9.1.2 Robotino ROS Python Transport Services

In the winter term of 2013=14, we evaluated MontiArcAutomaton with a Python code
generator family (cf. Req. TRQ-1), a Python run-time environment, and the ROS
Python Robotino modules in another lab course. In this course, nine masr level stu-
dents developed a model-driven logistics application for a Festo Radtino* robot using
a Kinect and speakers for user interaction. The group again employed a 8am [Rubl12]

“Robotino website: http://servicerobotics.eu/robotino/
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Figure 9.3: The Robotino ROS transport service robot with Kinect, spealers, and front-
mounted laser scanner.

methodology® The robot, depicted in Figure 9.3, also used a front-mounted laser seos
and integrated distance sensors to navigate and avoid obstacles. The stants used the
robot operating system ROS [QGC 09] in its Python implementation to interface robot
drivers and a version of Automata without embedded Java expressions. The former is
interesting as the students curricula did not prescribe to lean Python, which we assumed
to reduce the selection bias regarding previous experiences wittne of the languages.

The software architecture was modeled with 31 components. Of theseomponents,
nine are atomic with automata and 17 are atomic with platform-speci c implementations.
The architecture's top-level is depicted in Figure 9.4. The subcorponentsNavigation
MapProvider , and TaskManager are composed from further components.

In this course, the students enacted the roles of application modefs and application
programmers. The latter was necessary as, for example, the behavior of ¢hROS-
speci c components interfacing the Kinect sensor had to be handcraéd. In this system,
a website is hosted on the robot, which receives tasks such as \fetckem X from room
Y" from this website. Embedded Automata transform these tasks into motion and
interaction commands. These commands are send to the componentavigation  and
Userlinterface , Which transform these into platform-speci ¢ primitives.

This lab course consisted of two stages: In the beginning, the studestprepared and
held introductory talks on the course's topics. Afterwards, they developed parts of the
logistics software in groups of two or three students organized in a Scrunteams. We

5 A short video documentation is available via https://www.youtube.com/watch?v=u6LF8KjvDgM
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Figure 9.4: Software architecture of the Robotino ROS Python transport sevice. The
components Navigation , MapProvider , and TaskManager are com-
posed.

conducted two surveys in this lab course: the rst after a few week in the development
stage, the second shortly before the course ended. The rst questiorire contained 12
guestions and the second contained 18 questions. The additional 6 quésts focused on
reuse and the applicability of Scrum in university courses. Both qstionnaires and the
aggregated results are available in Section B.2 of the appendix.

Observations

In the beginning, the students spent more time learning to use theROS infrastructure
(27% of their time) than modeling automata (22%) or plain components (21%). We
assume this is partly due the complexity of the ROS infrastructure as well as due to
the conciseness of the modeling languages. In the end, the componerisd automata
consumed less time (14% and 15%, respectively), but the time requed to understand
ROS (44%) and the plain Python artifacts (16%) increased. This might be dwe to ROS
hiding its complexity, i.e., simple and well-documented featues are easy to use but once
the software grows, the complexity of solving the underlying problens grows even faster.
Figure 9.5 (a) illustrates this development. It also shows the actualdevelopment times
(b) estimated by the students in both questionnaires. Initially, the students spent much
time developing component & connector structures (35% of their develpment time)
and developing Python artifacts (45% including ROS infrastructure). In the end, the
development e ort shifted towards Python development (64%), which hints at the C&C
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Figure 9.5: The estimated distribution of the students' time learning and developing with
the respective languages. The left column represents survey rdssifrom the
rst questionnaire, the right column results from the second questonnaire.
Numbers in the columns represent the actual values.

and automata models being more stable than the Python artifacts. We assum this is
due to their reduced complexity compared to Python code.

We also asked the students to estimate the complexity of artifacts of heir team mem-
bers to reduce the bias of overestimating their skills. The reslis indicate that the
students in the beginning underestimated the complexity of almostall participating
technologies and languages as depicted in Figure 9.6 (a). It is notable that # students'
estimate in the complexity of Python artifacts developed by their coleagues did not
increase, where the estimated complexity of ROS nodesdutomata behavior models,
and C&C models increased between 41%Automata ) and 81% (C&C structure). In
the same vein, we asked the students to estimate their con dencenithe correctness of
artifacts created by their team members (Figure 9.6 (b)). The estimated correctness of
C&C structure artifacts and Automata models remained stable while the con dence
in Python artifacts and ROS nodes increased slightly. We assume thiss due to the
similarity of Python and Java (which is taught in the students' curr iculum).

The students also estimated the correctness of the artifacts creatkby themselves.
While the estimates regarding C&C models, behavior models, and Phon artifacts
remained stable between @8 points and 86 points (both out of 10 points), the con dence
in the correctness of ROS nodes raised from:& points in the rst survey to 7 :3 points
in the second survey.

This is due to the inherent complexity of developing ROS nodes, edecting the correct
nodes from their vast repository, and con guring the individual nodes properly with
arguments determined by trial-and-error. Once selection and con guation are stable,
ROS seems to perform reliably. The second questionnaire also revedlthat the students
assumed that they could have modeled twice as many components with aamata than
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Figure 9.6: Estimated complexity of their team members' artifacts and the students'
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they actually did and that ROS was considered the most complex technology4:4 points
out of 6 points) of that lab course. ROS was followed by the employed contiuous
integration toolchain (4:1 points), the automata behavior language (38 points), plain

C&C models (29 points), and Python (1:9 points). This highlights that the object-

oriented Python language was closer to Java, which the students had pléy experience
with, than to MontiArcAutomaton. Nonetheless, the students assumed that reusing
their solution with a di erent but similar robot is possible within 5 days of development.
Regarding the application of Scrum, the seven of the eight students agsned that Scrum
helped development and that sprint planning meetings and daily Scrmn meetings were
most helpful (9:11 points and 86 points out of 10 points, respectively).

Overall, the students understanding of both the MontiArcAutomaton C&C language
elements as well as ofAutomata converged during the lab course, whereas their un-
derstanding of Python and ROS diverged. We assume that this is due tohe restricted
complexity of the modeling languages, which points at the bene t of moaling C&C
software architectures with MontiArcAutomaton. This also correlates with the fact that
the students increasedAutomata modeling activities towards the end. The decrease of
C&C modeling activities during the lab course points at the expecta increase of archi-
tecture stability. We thus assume that MontiArcAutomaton also facilitat es development
with more complex systems than presented in the previous lab courséSection 9.1.1).
Furthermore, transforming MontiArcAutomaton ADL architectures to othe r GPLs than
Java has shown to be feasible as well (cf. Req.RQ-1).

Threats to Validity

Due to the task's complexity and the small group size, separating the tsidents into a
control group that uses only general-purpose programming languages and an exjmen-
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Figure 9.7: Top-level architecture of the logistics software system implemented in sum-
mer term 2014 for a Robotino robot controlled via SmartSoft and Python.
Five of the displayed component types are composed.

tal group using mostly modeling languages was not feasible. This raises ithats to both
internal and external validity. Regarding the internal validity, th ere is a selection bias as
all participants were well-trained in developing object-oriented systems, which suppos-
edly in uenced their estimates on the modeling techniques. Fathermore, questionnaires
are an insu cient instrument as the answers are biased by their selfperception and
regarding avoidance of extreme answers (avoiding the provided scaeaipper and lower
ends). The external validity of this evaluation is threatened as the urse had the topic
model-driven development and the students received grades for #ir participation.

9.1.3 Robotino SmartSoft Java Transport Services

In a lab course of summer term 2014, we again assigned the task to develop a rolusti
logistics application. In this lab course, 14 students from di erent computer science
courses participated® The students developed the software architecture with MontiArc-
Automaton and used to the SmartSoft [SSL11] middleware to control the robot. The
students employed Scrum [Rub12] again and used MontiArcAutomaton with inegrated
Automata models and the javats code generator family. The students acted as
application modelers, application programmers, and implementation lilsary providers
and produced the architecture depicted in Figure 9.7. Of the depited subcomponents,
TextToSpeech and TCPConnector are atomic, the others are composed. In total,
the software architecture consists of 28 component types. Of these, ére composed

A video of the results is available at https://www.youtube.com/watch?v=TIspANCOTY4
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Figure 9.8: The students of this lab course spent most time understanidg the SmartSoft
middleware. The consumed time increased towards the end, whilehe time
actually developing SmartSoft modules decreased.

containing 30 subcomponent instances. To communicate with the robot, avebsite and
a tablet PC were used. Both were connected to the architecture vissubcomponents of
the component Backend . Logistics tasks are passed from the componerBackend to
the component JobManager . The latter translates these into commands send to the
SmartSoft middleware via the componentSequencerProxy

Similar to the previous lab courses, we performed two surveys: one few weeks after
the course started and the other shortly before the course ended. Botlsurveys were
conducted using questionnaires containing 12 (rst) and 18 (second) gestions again.
The additional questions of the second survey are designed to measureetstudents'
participation and the applicability of Scrum in this setting. Both que stionnaires are
available in Section B.3 of the appendix.

Observations

The observations during this course di er from the previous in various ways: First, the
students spent more time understanding SmartSoft (SM) in the endof the course than
in the beginning (see Figure 9.8 (a)), while the C&C structure and kehavior languages
consumed more time in the beginning than in the end. As SmartSoft and tke modeling
languages were introduced and worked with parallely, we ascribe thisa the intended
speci cness of MontiArcAutomaton. However, this contradicts with the second nding,
that the students spent less time developing with SmartSoft in the end (Figure 9.8 (b)).
The students of this lab course also initially required more time intrying conceptually
wrong approaches with Java than in the previous courses as depicted in Figer 9.9
(a). For both Java and SmartSoft (SM) this reduced clearly during the course, whereas
the time spent for conceptually wrong approaches using the MontiArcAubmaton C&C
modeling elements andAutomata almost remained constantly low. Figure 9.9 (b) also
shows that the students of this course students were more con dentn modeling with
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components andAutomata models than in developing with Java or SmartSoft (SM).
This also contradicts the ndings from the previous courses. The corelation between
making mistakes in Java and the con dence in our modeling languages midrpoint to

the bene ts of DSLs over GPLs regarding the better comprehension, siller complexity,
and lower notational noise [Wil01] of models.

In the beginning of this course, the SmartSoft modules were revisemore often (455
times) than in the end (2:80 times). This correlates with the observation that the stu-
dents put more e ort in understanding SmartSoft initially and, duri ng this, revised the
modules more often. All other constituents were re ned more often inthe beginning
than afterwards. Another remarkable observation is that the students corsidered Au-
tomata (2:33 points out of 10 points) less complex than C&C modeling and Java (both
3:00 points), and SmartSoft (7:33 points). This changed towards the end into consid-
ering C&C modeling (3:83 points) less complex than developing Java implementations
(4:25 points), modeling Automata  (4:67 points), and developing SmartSoft modules
(8:75 points). It is, however, consistent with the previous lab coursethat the students'
complexity estimations increased over time.

The fact that the students participating in this lab course had background in di er-
ent computer science bachelor and master courses may be one reason foe ttii erent
evaluation results compared to the previous lab courses. It is remarkdb that the stu-
dents' con dence in the artifacts created by their colleagues decrased, while the con -
dence in artifacts produced by themselves increased (see SextiB.3 of the appendix).
Nonetheless, this lab course also showed that the students graspedeitoncepts of Monti-
ArcAutomaton and afterwards increased their modeling activities, which reinforces the
assumption that MontiArcAutomaton is useful to facilitate the model-dr iven engineering
of complex systems.

Regarding the applicability of Scrum, the students were less con @nt that it facilitated
development than the students of the previous course. Nonethelest)e sprint planning
meetings and daily Scrum meetings were considered most useful again.

Threats to Validity

Both internal and external validity of this evaluation are threatened by its university
context. Announcing the lab course as model-driven robotics software elvelopment and
the students expecting grades gave rise to multiple biases. Furérmore, the complexity
of the development e ort prohibited separating the students into a control group and
an experimental group. While the students' di erent backgrounds reduced the selection
bias, all participating students have at least taken three semestes in a bachelor's com-
puter science course. While this clearly is a bias, the modelintanguages applied in this
course are designed for software engineers, such that the selectiorabishould not impact
this evaluation as much.

The threats to the evaluation's internal validity (causality) arise f rom the employ-
ing questionnaires (subject to statistical regression) and the lackof a control group.
Both should be improved in future lab courses. Improving the forme requires means
to evaluate the students' experience with the participating moceling languages other
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Figure 9.9: The students spent less time with conceptually wrong apmaches to any
of the development tools, but lost con dence in most of their colleagues
artifacts over time.

than interviews and questionnaires. The evolution's external validty (generalizability)

is threatened by the students expecting grades, the expectationhat model-driven ap-
proaches are taught because they are superior to GPL programming, and of cowghe
group composition. Treating the latter requires a lab course big enoughda separate into
two groups where both groups' participants have similar background regarihg GPL and
MDE expertise. Unfortunately, this is hardly realizable in university contexts.

9.2 Case Studies

We conducted multiple case studies in di erent contexts to asses various features of
the MontiArcAutomaton infrastructure. These case studies usually wee performed by
software engineering experts and took place either in academic or indtrial contexts.

9.2.1 Lego NXT Distributed Toast Service

We examined MontiArcAutomaton with its behavior language integration and code gen-
erator composition mechanisms with a behavior language speci c to the robt arm de-
picted in Figure 9.10. The arm's behavior is controlled byRobotArm language models
that describe positions in the depicted arm's joint space and programs wer these posi-
tions as presented in [RRRW14, RRW15a]. This language is embedded into cqmonents
of a software architecture distributed over two Lego NXT bricks to control a total of
three motors. After inserting a slice of toast into the toaster, the arm controlling brick
invokes the second brick to start the motor pulling the toaster's lewer. After a certain du-
ration, the toast is retrieved from the toaster and delivered to a nearly plate.” This case

A video of the system in action is available from https://www.youtube.com/watch?v=
5EggJHtTg0C
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Figure 9.10: The toast service setup uses two Lego NXTs controlled by MontiAe-
Automaton with embedded RobotArm  programs to steer an arm with
three degrees of freedom and a motor to pull the toaster's lever.

study's setup also employed a platform-speci ¢ software architeture and used the code
generator composition features of MontiArcAutomaton to integrate a code geneator for
translation of RobotArm  programs to Java artifacts.

The software architecture of the system was modeled using platforngpeci c compo-
nents (cf. Req. MRQ-2) and translated into Java implementations compatible to the
LeJOS® JVM. Embedding the RobotArm  component behavior language into the com-
ponent controlling the Lego robot arm allowed to use a more speci ¢ and corise language
than Java to control the arm (cf. Req. MRQ-4). With MontiArcAutomaton's code gen-
erator composition framework, we could reuse the Java code generator f@ékutomata
models without modi cations (cf. Requirements TRQ-3 and TRQ-6). Integration actu-
ally embedded theRobotArm  parts considering locations in the arm's joint space and
individual RobotArm programs only (cf. Req. MRQ-5) and required less e ort than
integrating the Automata language (Section 5.5.1) as less adapters were required.

9.2.2 Multi-Platform BumperBot

We also have evaluated a variant of thelmprovedBumperBot (as depicted in Fig-
ure 4.1) software architecture with Lego NXT robots using LeJOS and the Pytlon

8LeJOS website: http://www.lejos.org/
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L

Figure 9.11: Platform-independent software architecture of the BumperBot system
reused with platforms relying on di erent GPLs.

implementation of ROS. The BumperBot variant depicted in Figure 9.11 employs a
similar structure to detect and avoid obstacles but, relies on a subomponent of type
BumpControl to describe its behavior, which directly communicates with both Motor
instances. The software architecture is completely platform-indeendent (cf. Req.MRQ-
1) and employs interface components to declare extension points for ssors and actu-
ators. It also platform-independent class diagram data types (cf. RegMRQ-7) and
Automata models to describe the behavior of component typ&8umpControl and was
translated into two platform-speci ¢ architectures using bindi ngs (cf. Req.MRQ-8) and
the interface libraries and implementation libraries presented in Section 6.2. These soft-
ware architectures were translated into Java artifacts for the NXT robot using LeJOS,
and into Python ROS nodes with corresponding con guration artifacts.

Reusing the platform-independent architecture required 4 inerface components as
extension points and 4 platform-speci c components per platform. Thebindings replaced
the interface subcomponents. The code generator families for Java siems and ROS-
Python systems (Section 7.4) translated the resulting architectues into GPL artifacts.

Listing 9.1 shows an excerpt of the Java code produced for the compateomponent
BumpControl , which is a classBumpControl that implements the Component in-
terface (I. 1) of the javats  run-time environment (Section 7.4.1). The class yields a
member of RTE classPort (cf. Figure 7.10) for each port of the component model
(Il. 4-8) and a member of RTE interface type Computable , which it delegates behavior
computation to (I. 11). The actual implementation of this member is produced by the
AutomataTS code generator (Section 7.4.1). The class also contains two members im-
plementing the Input and Result interfaces of thejavats RTE, which wrap data of
incoming and outgoing ports and variables (Il. 14-15). The methodcompute() of inter-
face Component (ll. 17-30) saves the current input values, invokes computation of the
behavior delegate, and saves the resulting values to its ports and vables. Whenever
the component is invoked to communicate, it emits these values.
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public class BumpControl implements Component {

1
2
s [/l Ports

4 protected Port<Integer> distance;

s  protected Port<TimerSignal> signal;

6  protected Port<TimerCmd> timer;

7 protected Port<MotorCommand> right;
s  protected Port<MotorCommand> left;
9

10 /I Behavior implementation

11 protected Computable delegate;

12

13/l Wrappers for port and variable values
14 private  BumpControllnput input;

15 private BumpControlResult result;

16

17 public void compute() {

18 /I Create data structure of incoming port values
19 input = new BumpControllnput(
20 distance.getCurrentValue(),
21 signal.getCurrentValue());
22
23 /I Perform calculations
24 result = delegate.compute(input);
25
26 /I Assign computation result to ports
27 timer.setNextValue(result.getTimer());
28 right.setNextValue(result.getRight());
29 left.setNextValue(result.getLeft());
30
}

2 /[ Additional methods, e.g., initialize() and update()
33 }

Listing 9.1: An excerpt of the Java implementation generated for the compnent type
BumpControl with its most important members and methods.

Overall, the Java implementation consists of 33 classes, of which 30 aimplementa-
tions, component factories, implementation factories, input wrappes, and output wrap-
pers of the respective component types. The remaining three class are the starter of
BumperBot and the data types MotorCMD and TimerCMD. An excerpt of the Python
implementation of BumpControl is depicted in Listing 9.2. As Python does not sup-
port interfaces, the Python classBumpControl extends the abstract classComponent
of the pythonts  run-time environment (Section 7.4.2). Its constructor (Il. 3-16) ini-
tializes a ROS node with the namebumperbot (I. 4). If ROS is running, it creates a
member for each port (Il. 6-15). For incoming ports, it initializes a ROS Subscriber
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with each port's name, data type, and pointer to a callback function that should be
executed whenever new data arrives for that port (Il. 7-10). For outgoing prts, it
initializes a ROS Publisher  with each port's name and data type (Il. 11-13). This
publisher allows sending messages of the port's type to the correspding topic. The
Python component implementations also rely on delegation to compute compnent be-
havior and consequently, the implementation component typeBumpControl owns a
member delegate  produced by the BumpControlimplFactory (I. 15).

Afterwards, the BumpControl class de nes that whenever itsdistanceCallback
method (assigned as callback to incoming portdistance ) is invoked with a new ROS
messagemsg, the payload part of this message is assigned to the podistance . Simi-
larly, the method leftPublish() employs a ROS message of typlotorCommandMSG
to wrap the current value of port left and publishes it to a ROS topic.

The pythonts  run-time environment also imposes a methodcompute() on com-
ponents. For the Python implementation component type BumpControl , this method
(Il. 26-38) behaves similarly to the Java implementation: after collecting the current
input values from ports distance and signal , it passes these to its behavior imple-
mentation delegate (l. 33) and assigns the results back to its ports (ll. 38-38).

As the Python implementation of BumperBot employs similar patterns, it is little
surprising that it produces a similar amount of Python classes. Howeer, ROS does
not support composed nodes, and hence, there is no implementation fahe composed
componentBumperBot , but only a so-called launch le that describes how to start each
of its subcomponents as a ROS node. To interface with ROS, the puldher and subscriber
instances rely on ROS messages (a simple data type description languagehich were
created from the class diagram data typesviotorCMD and TimerCMD accordingly.

9.2.3 The iserveU Hospital Logistics Project

The iserveU research project was conducted with partners from indstry and academia
to investigate pervasive mode-driven engineering for complex safiare systems. The
industrial partners were the Robert Bosch GmbH, the Robotics Equiprment Corpora-
tion (REC), and the Symeo GmbH. Academic expertise was contributed ly Friedrich-

Alexander-Universitat Erlangen-Nernberg, Clausthal University of Technology, RWTH

Aachen University, and Ulm University of Applied Sciences. The projet focused on
model-driven engineering and deployment of robotics applicationsdr real-world con-
texts. This 3-year project was funded by the German Federal Ministy of Education and

Research (BMBF) to investigate pervasive model-driven engineéng of service robotics
applications. Here, we used MontiArcAutomaton to model parts of architecure and
behavior for a logistics service robotics application deployed to a coplex hospital en-
vironment. In this project, MontiArcAutomaton served as ADL for a high-l evel con-
troller [HNR * 15] that interfaces SmartSoft [SSL11] and all development roles were dis-
tributed among the consortium.

Figure 9.12 shows the core componenBehaviorController of the iserveU top-
level software architecture. This component contains six subcompomas of the types
TaskManager , ActionExecuter  , StateProvider , Planner , PlanVerifier , and
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class BumpControl(Component):

def _ init_ (self):
rospy.init_node(‘bumperbot’)
if not rospy.is_shutdown():
# Ports are connected to ROS topics
self.distance = Port()
rospy.Subscriber("~distance",
IntegerMSG,
self.distanceCallback)

© o N o g A W N B

[
» O

self.left = Port()
self.leftPub = rospy.Publisher("~left",

[N
N

MotorCommandMSG)

[
PN X

# Behavior implementation
self.delegate = BumpControllmplFactory.create()

[
o

17 def distanceCallback(self, msg):
18 self.distance.setNextValue(msg.data)

20  def leftPublish(self):

21 value = self.left.getCurrentValue()

22 msg = MotorCommandMSG()

23 msg.data = numpy.uint8(value)

24 self.leftPub.publish(msg)

25

26 def compute(self):

27 # Create data structure of incoming port values
28 input = BumpControlinput(

29 self.distance.getCurrentValue(),

30 self.signal.getCurrentValue())

31

32 # Perform calculations

33 result = self.delegate.compute( input )
34

35 # Assign computation result to ports

36 self.timer.setNextValue(result.getTimer())

37 self.right.setNextValue(result.getRight())

38 self.left.setNextValue(result.getLeft())

Listing 9.2: An excerpt of the Python implementation generated for the conponent
type BumpControl with its most important members and methods.

PropertyCalculator . The TaskManager subcomponent receives tasks and de-
composes these into individual goals that are passed to the component tagklanner
The latter is capable of reasoning about the goals using the Metric-FF planer [Hof02]
to reach goals based on the current situation and the actions available to tb robot.
To deduct a valid plan it may access properties of the robot and its enwionment
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Figure 9.12: The core software architecture of the high-level robot contrder employed
in the iserveU project.

4 s

via StateProvider . Once a plan is deduced and veri ed byPlanVerifier , the
controller executes the plan's actions viaActionExecuter . The latter utilizes the
PropertyCalculator to check whether the environment has remained stable enough

during planning, such that the plan, and hence the action to be execuwtd, is still valid.
Afterwards, the action is translated properly and sent to the underlying SmartSoft
middleware via handcrafted GPL behavior implementations (cf. Req TRQ-2). All com-
ponent types depicted are composed from multiple subcomponents anditotal, the
software architecture employs 23 component types and instantiates 57ubcomponents.
Applying MontiArcAutomaton in a context with multiple stakeholders fr om industry
and academia has shown that it scales to industrial requirements. Altlbugh discussions
pointed out that the embedded Automata language is insu cient for various purposes
(such as describing behavior of components interfacing system AP)sthe ability to easily
develop and integrate the most appropriate behavior languages redeems fohat.

9.3 Discussion

All three lab courses were conducted in a university environmentwhich entails various
threats to their validity. Most students had prior training in Java and object-oriented
concepts, but only little experience in modeling techniques orstate-based description
formalisms. Furthermore, the students were graded, hence there as an intrinsic moti-
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vation to accept the modeling tools presented by the lab course organgzs. Also, due
to the nature of this thesis, the lab courses conducted earlier werperformed with less
sophisticated versions of this infrastructure, which hampers th& comparability. Future
evaluations should also separate the participants into a test group emplying the mod-
eling techniques and into a control group employing GPLs. However, de to the size of
lab courses of RWTH Aachen, this was not feasible.

The case studies were conducted with students, research assistanand industrial
partners and examined more complex infrastructure features than theevaluations. As
these were of a more experimental nature, the results are merely obsvations from which
no generalizable conclusions regarding the bene ts of modeling oveerogramming can
be drawn. Nevertheless, they help to illustrate the features of MntiArcAutomaton.
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Chapter 10
Conclusions and Future Work

Better a little which is well done,
than a great deal imperfectly.

Plato

The concepts presented in this thesis combine software language enggring with ar-
chitecture modeling to enable pervasive model-driven enginemg with an ADL that can
be adjusted to speci c requirements using the most appropriate D&s and code genera-
tors. The insights gained are presented in 15 publications discussinindividual aspects of
MontiArcAutomaton at di erent development stages (Section 1.4). The presented state
of MontiArcAutomaton combines these contributions and contributes improvement of
various aspects as well as their integration.

This chapter concludes the thesis. First, Section 10.1 discusséts contributions rel-
ative to its goals as presented in Section 1.2. Afterwards, Section 10.2 dkbes future
work, before Section 10.3 concludes with a discussion of overall obsations that span
multiple concerns and parts of MontiArcAutomaton.

10.1 Contributions

We presented concepts for the development of complex, multi-platdrm software sys-
tems as C&C software architectures with exchangeable behavior language To this
e ect, we introduced a concept for the integration of component behavor modeling lan-
guages into a C&C ADL, which facilities contribution by domain experts and language
reuse. We also presented a concept for the development of platfornrmdependent soft-
ware architectures and their translation into platform-speci ¢ arch itectures, which relies
on designated architecture extension points, model transformationsand code generator
composition. These concepts are realized in the MontiArcAutomaton archiecture mod-
eling infrastructure that enables reusing component behavior langages, components,
complete architectures, and code generators in di erent contexts ad applications.
Concepts and realization are based on the requirements raised in Seati 3.2. The
basis to ful lling these requirements is the extensible MontiArcAutomaton ADL, which
supports modeling of platform-independent and platform-speci ¢ ©ftware architectures
(Chapter 4) with extensible component behavior modeling languages. Gthe-shelf,
MontiArcAutomaton provides the Automata language (Chapter 5) to model component
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behavior platform-independently. Based on the MontiArcAutomaton ADL, a concept
to derive platform-speci ¢ architecture models utilizing a distinction between platform-
independent components, interface components, and platform-specicomponents is pre-
sented (Chapter 6). This concept relies on interface components, farface libraries and
implementation libraries to maximize reuse in contexts with multiple target platforms.
It uses bindings to describe replacement of interface componentsithi platform-speci ¢
components and application con guration models to de ne these bindings De ning
bindings requires little e ort as their syntax resembles the MontiArcAutomaton ADL's
syntax and the platform-speci c components are required without bindings as well. Most
additional e ort rises from developing interface components, which euse the vocabulary
of the MontiArcAutomaton ADL and can be developed with little e ort.

Producing platform-speci c implementations from the resulting software architectures
requires code generators capable to translate architecture with exangeable component
behavior languages into GPL artifacts. Therefore, concepts and realiz&n of a compo-
sitional code generation framework are presented in Chapter 7, which gport black-box
code generator composition and, thus, e ortless combination of requireccode genera-
tors. This framework exploits the C&C nature of MontiArcAutomaton and iden ti es
three code generator kinds for composition. Participating generators irplement one of
these types and explicate this via generator con guration models from \kich MontiArc-
Automaton produces composable implementations.

MontiArcAutomaton ADL, bindings, and code generators are combined into a com-
pact tool chain that can be used out-of-the-box or extended with new bleavior modeling
languages and code generators as required (Chapter 3). Dierent parts of tls infras-
tructure were evaluated in di erent contexts throughout its devel opment (Chapter 9)
and results have been integrated subsequently.

Although the implementation of MontiArcAutomaton ful lls all requiremen ts identi-
ed initially Section 3.2, the infrastructure comprises many modules that can be con g-
ured. This enables various forms of mis-con guration, ultimately leading to development
issues, hindrances, and failures. However, o -the-shelf MontiArdutomaton does not re-
quire con guration if developing platform-speci ¢ software architectures with target GPL
Java as it already contains theAutomata behavior language and thgavats code gen-
erator family. Generating to di erent target platforms and GPLs requir es proper code
generators. If these are available, their selection requires only sgifying their quali ed
names in an application con guration model - which requires only very litle e ort. The
e ort required to make the code generators under development composbnal consists
of providing a generator description model and invoking the correspoding generator -
which is negligible as well. Integration of new behavior languages usuallyequires the
application modeler to provide a simple language con guration model only For lan-
guages with special integration requirements, MontiArcAutomaton supports to harness
the full power of the MontiCore language workbench and provide means topgecify the
complete integration information in a single artifact.

Evaluations and case studies have shown that MontiArcAutomaton is suitabé to de-
velop complex applications with various component behavior modelingdnguages. The
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MontiArcAutomaton ADL is an accessible architecture description language aml integra-
tion of other languages enables modeling great parts of software architectes. Through-
out the di erent projects, we could reuse components, complete atitectures, modeling
languages, and code generators with little e ort.

The ndings and insights gained in this thesis are generalizable to othe modeling
scenarios with varying degree depending on the employed architeate description lan-
guages and frameworks. Usually, integration of behavior languages into ADLs is i
ther not anticipated or overly complicated. However, ADLs build on top of language
workbenches generally could support some form of behavior language integrah (via
embedding, inheritance, or AST compaosition). The notion of bindings trarslates natu-
rally to ADLs that distinguish component interfaces from component implementations,
and hence, the binding transformation and the corresponding library oncept can be
translated to replacing component implementations instead. Similaly, the notions of
platform-independent interface libraries and platform-speci ¢ implementation libraries
could be translated. Most ADL modeling frameworks do not consider codeyeneration
for multiple target platforms a prime concern. Hence, they usually syport only a xed
{ and small { set of target GPLs. For frameworks employing language workbenchks that
consider code generation, development of new code generators might easible. To the
best of our knowledge, code generator composition is not considered by a®\DL mod-
eling infrastructure. However, in contexts where the generator kinds are xed apriori,
applying the presented mechanisms is feasible as well.

10.2 Potential for Future Research

Although the presented MontiArcAutomaton infrastructure satis es its goals regarding
the development of multi-platform applications with little e ort, f uture research could
improve the MontiArcAutomaton ADL and other constituents. Previous sections have
presented future work regarding MontiArcAutomaton ADL (Section 4.3), bin dings (Sec-
tion 6.4), and code generation (Section 7.5).

Aside from enhancements argued in those sections, the MontiArcAutomatondol sup-
port could be improved. While there is a MontiArcAutomaton plugin ! for the Eclipse
IDE, this does not support con guration besides editors for the MontiAr cAutomaton
modeling languages. Also, for a previous version of MontiArcAutomaton, it sugported
visualization of components with automata [RRW13b]. For generic visualizaton of com-
ponents with arbitrary behavior languages, language embedding must be rected by
integration of the respective languages' editors and visualizers.

A central bene t in model-driven engineering is that abstract models are better amend-
able to analyses than GPL artifacts. The MontiArcAutomaton modeling languages im-
plement various analyses regarding the well-formedness of models.h&re are many other
analyses that could improve engineering with MontiArcAutomaton, such asre nement
of components to ensure proper architecture evolution [Rin14], ver¢ation of structural

! Available via http://www.monticore.de/robotics/montiarcautomaton/
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and behavior architecture properties, or compliance of component imgmentations to
the run-time environment the corresponding models specify.

Validating the integration of model processing infrastructure, models transformations,
and code generators require inter-framework well-formedness chdng. The context con-
ditions checking whether exactly one code generator per behavior lguage is used is an
e ort into this direction. Nonetheless, there are many inter-framework relations and
properties not yet validated. This includes checking whether tte modeling languages'
semantics match the generated artifacts semantics, whether new worbws and transfor-
mation produce artifacts processable by subsequently executedfrastructure parts, and
whether the code generators produce artifacts conforming to the rustime environments.

Another issue in model-driven engineering with complex tool chais arises from meta-
model evolution. If the grammar of any participating language changes, variosa parts of
the infrastructure need to evolve as well. While research in metaradel evolution itself
has produced some results [IKO4, GGO07], pervasive change tracing from maenodels to
transformations to code generation has not.

Future work also requires evolution of MontiArcAutomaton in industrial- scale con-
texts with multiple target-platforms. As MontiArcAutomaton also aims at arc hitecture
modeling in academic contexts, further evaluation in this direction is required as well.

10.3 Conclusion

The research presented in this thesis aims to enable seamless nebdriven multi-platform
engineering with component & connector software architectures that gpport exible
integration of component behavior languages. This facilitates contributon by domain
experts and increases reuse of components, software architecturespdeling languages,
and code generators.

The MontiArcAutomaton ADL is an extensible C&C architecture descripti on language
that can express the most important elements common to C&C architectue without
introducing too much notational noise [Wil01]. While its expressiveness is limited com-
pared to industrial ADLs, it reduces the risk of accidental complexities [FRO7]. Nonethe-
less, built upon the powerful language workbench MontiCore, it allowshe extension and
tailoring deemed crucial [MDTO07, WHR14] for professional application. A unigue fea-
ture of MontiArcAutomaton is its non-invasive extensibility with comp onent behavior
languages, which employs the language integration mechanisms of MontiCoreLan-
guage integration in MontiArcAutomaton is supported by a concise DSL, which reduces
its complexity severely. With this, application modelers can dewlop platform-speci ¢
software architectures with the most-appropriate modeling languages asily.

Our approach to multi-platform reuse is of minimal e ort in terms of new concepts
and requires only interface components and application con guration modss. It exploits
being tailored to the MontiArcAutomaton ADL by reusing its instantiation syntax and
enforces reuse by relying on explicit interface libraries and imlgmentation libraries.
In contrast to generic model transformation mechanisms [Sch91, FNTZ00, JAKO8]
or delta-modeling approaches [HKR 11, HRRS11], it is speci ¢ to replacing component
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types and parameters of instances. This minimizes its complexity athis less error prone.
Thus, application modelers targeting multiple platforms can enginee such applications
with minimal e ort.

The code generator composition framework of MontiArcAutomaton is built upon the
code generation framework of MontiCore and reuses its concepts. Nonetlgsis, its com-
position is decoupled from templates and transformations, but relies oly on generator
kinds derived from the C&C nature of MontiArcAutomaton. Conformance to th ese
types is expressed by generator description models providing farmation required by
the respective types. MontiArcAutomaton transforms these models ito implementa-
tions implementing the explicated interfaces. These implemetations are exploited for
code generator composition.

Finally, the application con guration language expresses C&C applicationsas combi-
nation of their constituents. It therefore integrates a single platform-independent soft-
ware architecture with implementation libraries, bindings, and code generators to de ne
platform-speci ¢ implementations. Based on these models, MontiArdutomaton pro-
cesses the corresponding artifacts and produces implementation dfdcts. The separation
of concerns into di erent modeling languages and artifacts enables reting components
with di erent architectures, complete architectures with di erent target platforms, com-
ponent behavior languages within di erent language combinations, and codegjenerators
as required. We believe that combining software architecture modéng with software lan-
guage engineering is a promising area and that our research produces tigeresults for
the exible model-driven engineering of C&C systems with domainspeci ¢ languages.
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Appendix A

Modeling Language Grammars

This appendix presents the grammars of the modeling languages preset throughout
this thesis. First, Section A.1 describes two variants of the MontArcAutomaton ADL

grammar. Afterwards, Section A.2 presents two variants of theAutomata grammar
before Section A.3 describes the generator description grammar.

A.1 MontiArcAutomaton ADL Grammars

The MontiArcAutomaton ADL extends from MontiArc. Hence, this appendix r st
presents the MontiArc grammar before it introduces two variants of the MontiArc-
Automaton ADL grammar. The MontiArc grammar and one MontiArcAutomaton ADL
grammar are simpli ed for human comprehension, the other MontiArcAutomaton ADL
is the grammar actually used with MontiCore. The former omit technical details to
improve clarity.

A.1.1 MontiArc Grammar for Human Comprehension

The MontiArcAutomaton ADL extends MontiArc and inherits productions to describe
components, connectors, and ports. We therefore present as simplice variant of the
MontiArc grammar for better comprehension. The MontiArc grammar extends from
another grammar (CommonValues) itself (I. 1) and inherits commonly used produc-
tions (such asExpression ) from it (I. 25). In MontiArc, most productions implement
the interface ArcElement (l. 3), which allows reusing these in component bodies. This
for instance holds for components as well (I. 5) and allows to easily de nénner compo-
nents [HRR12]. A component (ll. 5-8) has a name, an optional instance name (fomner
components), a head, and a body. The head is de ned byArcComponentHead and
consists of an optional list of con guration parameters followed by up to one &tension
declaration. A component's body (I. 15) consists of a set ofArcElement instances.
This can be either an Arcinterface (Il. 17-18), consisting of a set of ports (. 20),
a subcomponent (ll. 22-27) with a list of instance names (l. 26), or a conneor (ll. 28-
30). These and more productions, as well as the corresponding well-foadness rules are
presented in [HRR12].
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

a1}

grammar MontiArc  extends CommonValues {

interface ArcElement;
ArcComponent implements  ArcElement =
"component” Name (instanceName:Name)?

head:ArcComponentHead
body:ArcComponentBody;

ArcComponentHead = ("[* ArcParameter ("," ArcParameter) *
(" extends " superComponent:ReferenceType)?;

ArcParameter = Type Name,
ArcComponentBody = "{" ArcElement * "

Arcinterface implements  ArcElement =
"port" ports:ArcPort ("," ports:ArcPort) x

ArcPort = (in:["in"] | out:['out"]) Type Name?;

ArcSubComponent implements  ArcElement =

"component"

type:ReferenceType

("(" Expression ("," Expression) * )" )?
(instances:Name ("," instances:Name) * )7 "

ArcConnector  implements  ArcElement=
"connect" source:QualifiedName "->"
targets:QualifiedName ("," targets:QualifiedName) x

T)?

Listing A.1: The quintessential elements of the MontiArc grammar [HRR12] for

human comprehension.

A.1.2 MontiArcAutomaton ADL Grammar for Human Comprehension

The MontiArcAutomaton ADL grammar for human comprehension concisely descrbes
the new modeling language elements of MontiArcAutomaton. After declaringa pack-
age (l. 1), the grammar declaration begins with the keywordgrammar , followed by the
grammar's hame, and a declaration that it extends the MontiArc grammar (I. 3). Thus,

MontiArcAutomaton ADL inherits all productions from MontiArc (the MontiAr

c gram-

mar is presented in [HRR12]). Afterwards, MontiArcAutomaton declares an exernal
production for embedding of component behavior modeling languages (b). This pro-
duction serves as MontiArcAutomaton ADL extension point and is used to integrate
component behavior languages grammatically.
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A.1 MontiArcAutomaton ADL Grammars

The central production of the MontiArcAutomaton ADL grammar is MAAComponent
(Il. 7-10), which describes a component type de nition in MontiArcAut omaton. The
MAAComponent consists of an optional stereotype, followed by the optional keyword
interface (cf. Section 4.1.1), the keywordcomponent , its name, a component head,
and a body. Both, component head and body, are inherited from MontiArc. The com-
ponent head contains a list of ArcParameter instances and the body a list of instances
of the ArcElement interface. The following productions make use of these.

The production DefaultParameter (Il. 12-13) introduces parameters with default
values (cf. Section 4.1.1) to MontiArcAutomaton. To this e ect, it inher its from the pro-
duction ArcParameter used by MontiArc and requires the assignment of a value. The
value is created as an instance of the productiolCVExpression , which is MontiArc's
expression language. Behavior models are integrated via th&rcComponentBehavior
production (Il. 15-18), which implements the interface ArcElement and thus can be
used throughout component bodies (cf. Section 4.1.1). It begins with an dmnal stereo-
type, followed by the keyword behavior , an identi er ( kind ), and an optional name.
Afterwards, in curly brackets, it contains a single instance of the exernal produc-
tion BehaviorModel , which is instantiated with the identi er. Embedding replaces
BehaviorModel  with the embedded production of a behavior language.

Productions for references to run-time environments (cf. Sedon 4.1.1) and GPL be-
havior implementations (cf. Section 4.1.1) follow (Il. 20-24). Both implement ArcElement
as well, begin with a unique keyword, and require a single name.

Component variables (cf. Section 4.1.1) follow (ll. 26-29). MontiArcAutomaton ADL
components can contain multiple variable declarations (Il 26-27), each of witch begin
with the optional keyword var , followed by their type (also inherited from MontiArc),
and a list of variables. This resembles variable declarations in Java ahallows declaring
multiple variables of the same type conveniently. The individual variables (I. 29) also
begin with an optional stereotype, followed by a hame and an optionalCVEXxpression
initial assignment.

A.1.3 MontiArcAutomaton ADL Grammar for MontiCore

This complete MontiArcAutomaton ADL grammar also begins with a package decla-
ration, the grammar's name, and extension of MontiArc (Il. 1-3) as introduced above.
Afterwards, a MontiCore options follow (ll. 4-8), which declare the main production
(compilationunit ) of this grammar and arguments for the parser and lexer to be
employed. Subsequently, the grammar de nes an external productin for embedding
of component behavior productions from other languages (I. 10) and an interfaz for
keywords (I. 12). Currently, this interface is used with the single keywordsinterface
only (Il. 14), but de ning keywords via the interface allows to easily add new keywords.
All subsequent productions begin with a slash to indicate that theyare derived [Kral0].
This entails generation of so-called prototype classes for AST nodes, with expect to
be inherited by handcrafted AST node classes, and enables adding fationality to the
language's AST classes.
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1 package de.montiarcautomaton.core.languages.adl; \
:
3 grammar MontiArcAutomaton extends mc.umlp.arc.MontiArc {

4
s  external BehaviorModel;

6

7 MAAComponent = Stereotype? (" interface ")?

8 "component” Name

9 head:ArcComponentHead

10 body:ArcComponentBody;

11

12 DefaultParameter extends ArcParameter =

13 Type Name "=" value:CVExpression?;

14

15 ArcComponentBehavior implements  ArcElement =

16 Stereotype? "behavior" kind:Name Name? "{"

17 BehaviorModel(parameter kind)

18 "

19

20  GPLBehaviorimplementation implements  ArcElement =
21 Stereotype? "implementation" name:QualifiedName ";";

23 RTE implements  ArcElement =

24 Stereotype? "rte" name:QualifiedName ";";

25

26 VariableDeclaration implements  ArcElement =
27 "var'? Type Variable ("," Variable) *

29 Variable = Stereotype? Name ("=" CVExpression)?;

30 }
Listing A.2: The MontiArcAutomaton ADL grammar for human comprehension.

In this grammar, the production MAAComponent extends ArcComponent and thus
inherits its properties. It also features an optional instance name, adviontiArc uses
the same production for inner components (see context condition MU6). Te fol-
lowing productions employ so-called syntactic predicates to guid parsing. For in-

stance, the production DefaultParameter (Il. 20-21) utilizes the syntactic predi-
cate (Type Name "=") => ArcParameter that helps the parser to distinguish in-
stances of DefaultParameter (which must be followed by \=") from instances of

ArcParameter . Aside from begin derived and employing syntactic predicates, the
remaining productions to not di er from the MontiArcAutomaton ADL grammar f or
human comprehension.
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1 package de.montiarcautomaton.core.languages.adl;

2

3 grammar MontiArcAutomaton extends mc.umlp.arc.MontiArc {
options  {

compilationunit MAAComponent

parser lookahead=5

lexer lookahead=7

}

10 external BehaviorModel;
11

12 interface Keyword;

13

© o N o g »

14 InterfaceKeyword implements  Keyword = " interface "
15

16/ MAAComponent extends ArcComponent =

17 Stereotype? Keyword? "component” Name (instanceName:Name)?
18 head:ArcComponentHead body:ArcComponentBody;

19

20 | DefaultParameter extends (Type Name "=") => ArcParameter =
21 Type Name "=" value:CVExpression?;

22

23 | ArcComponentBehavior implements

24 (Stereotype? "behavior" kind:Name Name? "{")

25 => ArcElement =

26 Stereotype? "behavior" kind:Name Name? "{"

27 BehaviorModel(parameter kind)

28 "

29

30 /| GPLBehaviorlmplementation implements

31 (Stereotype? "implementation” name:QualifiedName ";")

32 => ArcElement =

33 Stereotype? "implementation” name:QualifiedName ";";

34

s | RTE implements

36 (Stereotype? "rte" name:QualifiedName ;")

37 => ArcElement =

38 Stereotype? "rte” name:QualifiedName ";";

39

40 |/ VariableDeclaration implements  ArcElement =

41 "var'? Type Variable (*," Variable) *

42
43 | Variable = Stereotype? Name ("=" CVExpression)?;

4}

Listing A.3: The MontiArcAutomaton ADL grammar for processing by MontiCore.
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A.2 Automata Grammars

The Automata grammar comprises productions to describe nite automata that op-
erate in a context of inputs, outputs, and variables. We provide two \ersions of the
Automata grammar: one for human comprehension that omits parser directives and
elements to in uence AST generation and one version as processed by Mi@ore. The
next sections introduce both grammars and the language con guration le that de nes
embedding of Java/P expressions.

A.2.1 Automata Grammar for Human Comprehension

The following grammar is prepared for human comprehension. Thereforejt omits
parser directives, production derivation information, and syntactic predicates. Mon-
tiCore provides such elements to improve parser performance and tin uence AST
generation [KRV08b, Kral0, KRV10].

The Automata grammar depicted in Listing A.4 begins with the keyword grammar
followed by its name. Afterwards it declares to extend the grammarCommonValues
(presented in [Sch12]), which provides productions common to mangrammars, such as
Nameand Type. The productions GuardExpression (. 3) and Valuation  (I. 4)
are external  non-terminals and act as extension points for productions from other
languages (for instance Java/P expressions). Separating both forms of expssions via
di erent non-terminals allows easy integration of other expressionsanguages into guards,
while retaining valuation expressions. A previous version of MontiArAutomaton, for
instance, embedded OCL/P [Sch12] expressions into guards.

The main production of the Automata grammar is Automaton (ll. 6-9) which holds
the modeled automaton's stereotype, name, context, and content. An autoraton's con-
text (production AutomatonContext ) consists of an arbitrary number of inputs, out-
puts, and variables (I. 11) in arbitrary order. Each of these (ll. 14-16) begirs with a
certain keyword and a type followed by a list of Channel non-terminals. Each channel
(I. 17) is a name with an optional assignment of external non-terminalValuation

An automaton's content (production AutomatonContent , |. 12) comprises an arbi-
trary number of state declarations, initial state declarations, and transitions in arbitrary
order. Each state declaration States , |. 19) begins with the keyword state  followed
by a list of states. Each State is a name with an optional stereotype (I. 20). Initial
state declarations (I. 22) begin with the keyword initial , followed by a list of initial
state names and an optionaBlock that describes the states' initial output. Transitions
omit introductory keywords, but are recognized by their unique syrtax instead. Each
transition (Il. 24-27) begins with the name of its source state, followed [ an optional
target state name, an optional guard, an optional stimulus Block , and an optional
action Block .

Guards (I. 29) consist of square brackets that delimit their expresgins of external
non-terminal GuardExpression . The Block productions (I. 30) used for stimuli and
actions comprise assignment lists of non-terminalAssignment , optionally enclosed in
curly brackets. Assignment lists (. 32) are comma-separated lists of aggnments, which

254



A.3 Generator Description Grammar

consist of at least one assignment. Consequently, empty curly bracke{} are prohibited.
Each assignment (I. 33) may begin with an optional name to identify the reérenced input,
output, or variable, followed by either an alternative or a list of values. Alternatives
(. 35) begin with the keyword alt followed by alternative value lists, enclosed in curly
brackets. Thus, nesting alternatives is not possible. Each value dit (Il. 37-38) consists
either of a comma-separated list of externalValuation  non-terminals delimited by
square brackets, of of a single/aluation  element.
Re ecting the distinction between AutomataContext and AutomatonContent

in the grammar facilitates language embedding, as the embedding language caeruse
AutomatonContent  directly (cf. Section 4.2).

A.2.2 Automata Grammar for MontiCore

The Automata MontiCore grammar contains all elements of the simpli ed Automata
grammar for human comprehension presented in Section A.2.1. This sectiotherefore
only discusses their di erences, which begin by stating a packageeatlaration (I. 1) and
extending CommonValues [Sch12] via its full name (l. 4). Afterwards it speci es options,
such as the name of the compilation unit non-terminal and the parser's andexer's look-
ahead (Il. 7-9). After declaring the familiar external non-terminals, each subsequent
production begins with a dash/ to indicate that the AST generator should prepare
the AST classes for manual extension. The resulting AST infrastructue thus expects
handcrafted subclasses of the AST classes following a haming convemi. Automata
employs this mechanism to enrich the generated AST classes with adttbnal elds and
methods for easier access and to encapsulate related calculations [KRVQ8KRV10].
Another di erence arises from the option greedy added to ValueList  (ll. 42-43),
which instructs MontiCore to process comma-separated/aluation  lists modestly.

A.3 Generator Description Grammar

Models of the generator description modeling language (Section 7.2) repsent code gen-
erators in terms of their type (as represented by the interface), ad their most important
properties for compaosition, con guration, and execution. To this e ect, the generator
description grammar must provide means to identify a code generator éscription, refer-
ence the interface the represented generator should implement,eglare the processable
language fragment, context conditions, additionally supported behavior &nguages, a
start template, and a run-time environment.

The code generator description grammar begins with a package declaration folved
by a grammar declaration (Il. 1-4). The latter also declares, that this grammar inherits
from the CommonValues grammar. After the AST options (ll. 6-8) declaring the compi-
lation unit (i.e., the 'top-level' model element containing all oth er model elements of this
language), the grammar de nes the production GeneratorDescription (1. 10-13)
which consists of the keywordgenerator  followed by a name, the keywordconforms
and a the quali ed name of the interface the represented generator shdd implement.
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1 grammar Automata extends CommonValues { \
:
3 external GuardExpression;

4 external Valuation;

5

6 Automaton = Stereotype? "automaton” Name "{"

7 AutomatonContext

8 AutomatonContent

9 n}u;

10

11 AutomatonContext = ( Input | Output | Variable ) *

12 AutomatonContent = ( States | Initial | Transition) *
13

14 Input = "input" Type Channel ("," Channel) *

15 Output = "output" Type Channel (", Channel) *

16 Variable = "variable” Type Field (", Channel) *

17 Channel = Name ("=" ValueExpression)?;

18

19 States = "states" State ( "," State ) * Nt

20  State = Stereotype? Name;

21

22 Initial = "initial" Name (", Name) * ("/" Block)? ";";

23
24 Transition = source:Name ("->" target:Name)?

25 Guard?
26 stimulus:Block?
27 (/" action:Block)? ";";

28

20  Guard = "[" GuardExpression "T";

o Block = ( "{" AssignmentList "}" ) | AssignmentList;

31

32 AssignmentList = Assignment ("," Assignment) *
s Assignment = (Name "=")? (Alternative | ValueList);

34

s Alternative = "alt{" ValueList ("," ValueList) *
36

a7 ValueList = ( ("[* Valuation ("," Valuation ) * "
38 | Valuation );

39 }

Listing A.4: A simplied Automata grammar for human comprehension.

Afterwards, a body consisting of a list of DescriptionElement productions, delim-
ited by curly brackets, follows. The interface production DescriptionElement (1. 15)
allows adding di erent productions to the body, as long as these imfement this interface.
Currently, these productions are Start , Language , RTE ContextConditions , and
Behaviors  (ll. 17-34), which allow to de ne the aforementioned properties.
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1 package de.montiarcautomaton.core.languages.ioautomaton;

2
3 grammar Automata
extends de.monticore.lang.common.CommonValues {

4

5

6 options {

7 compilationunit Automaton

8 parser lookahead = 3

9 lexer lookahead = 5

10}

11

12 external GuardExpression;

13 external Valuation;

14

15/ Automaton = Stereotype? "automaton" Name "{"

16 AutomatonContext AutomatonContent "}";

17

18/ AutomatonContext = (Input | Output | Variable) *
AutomatonContent = (States | Initial | Transition) *;

~

19
20
21 Input = "input" Type Field ("," Field) *
Output = "output" Type Field ("," Field) x
Variable = "variable" Type Field ("," Field) *
Field = Name ("=" ValueExpression)?;

22
23

~ O~~~

24
25
26 | States = "states" State (", State) * Nt

27 | State = Stereotype? Name;

28

29 [/ Initial = "initial" Name ("," Name) * ("I" Block)?";";
30

a1/ Transition = source:Name ("->" target:Name)?

32 Guard? stimulus:Block? (/" action:Block)? ";";
33

sa [ Guard = "[" GuardExpression "";

s [ Block = ("{" AssignmentList "}") | AssignmentList;

36

a7 | AssignmentList = Assignment ("," Assignment) *

s [/ Assignment = (Name "=")? (Alternative | ValueList);

39

40 [ Alternative = "alt{" ValueList ("," ValueList) LI A
41

42 [ ValueList = (Valuation | ( options  {greedy= false ;}:(
43 ("[" Valuation ("," Valuation) * ") )
4}

Listing A.5: The complete Automata MontiCore grammar.
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The productions Start  (ll. 17-18), Language (ll. 20-21), and RTE (ll. 23-25) each
consist of distinct keyword followed by a qualied name. Slightly more complex are
the productions ContextConditions (Il. 26-30) and Behaviors  (ll. 32-34). Both
begin with a distinct keyword and span a body containing lists of namesdelimited
by curly brackets. For ContextConditions , the keyword contextconditions
may be followed by the keywordin and a quali ed name to describe a common base
package the context conditions listed afterwards reside in (cf. Seatn 7.2.1). As this
does not prohibit de ning, for instance, multiple start templates, the language's context
conditions (Section 7.2.3) take care of this.

1 package montiarcautomaton.languages.generatordescription; -
2
3 grammar GeneratorDescription

4 extends de.monticore.lang.common.CommonValues {
5

6 options {

7 compilationunit GeneratorDescription

s}

9

10 | GeneratorDescription =

1 "generator” Name "conforms” interface  :QualifiedName "{"
12 DescriptionElement *

13 "

14

15 interface DescriptionElement;

16

17 Start implements DescriptionElement =

18 "start" QualifiedName ("'(" "))? ";";

19

20  Language implements DescriptionElement =
21 "language” QualifiedName ";";

22

23 RTE implements  DescriptionElement =

24 “rte" QualifiedName ";";

25

26 ContextConditions implements  DescriptionElement =
27 "contextconditions” ("in" cocoPackage:QualifiedName)? "{"
28 coco:QualifiedName ("," coco:QualifiedName) *
29 "

30

a1 Behaviors implements  DescriptionElement =

32 "behaviors" "{"

33 QualifiedName ("," QualifiedName) *

34 "1

35 }

Listing A.6: The generator description grammar for processing by MontiCoe.
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A.4 Application Con guration Grammar

The application con guration grammar realizes the application con guration lan guage
elements as introduced in Section 8.1.1.

1 package montiarcautomaton.languages.applicationconfiguration; \
:
3 grammar ApplicationConfiguration

4 extends de.monticore.lang.common.CommonValues {

5

e options { compilationunit ApplicationConfiguration }

7

s | ApplicationConfiguration =

9 "application” Name "for" architecture:QualifiedName "{"
10 ApplicationConfigurationElement *

1 n}u;

13 interface ApplicationConfigurationElement;

15 | Generator implements  ApplicationConfigurationElement
16 = name:QualifiedName ";";

18/ Binding implements  ApplicationConfigurationElement =

19 "bind" subcomponent:QualifiedName "to"

20 componentType:ReferenceType

21 "(" (CVExpression ("," CVExpression) *)? )
2 }

Listing A.7: The application con guration grammar for processing by MontiCor e.

After the package declaration (I. 1), the grammar begins with keyword grammar
followed by the name ApplicationConfiguration and the declaration to extend
the grammar de.monticore.lang.common.CommonValues (. 3-4). The produc-
tion ApplicationConfiguration de nes an application con guration and begins
with the keyword application followed by the con guration's name, the keyword
for , and the quali ed name of the architecture it references (Il. 8-11). Aterwards, it
contains a list of ApplicationConfigurationElement productions (I. 10), where
ApplicationConfigurationElement is an interface (l. 13) implemented by the pro-
ductions Generator  (ll. 15-16) and Binding (ll. 18-21). The production Generator
consists of a quali ed name followed by a semicolon and represents theame of a par-
ticipating generator. Binding begins with the keyword bind , followed by a quali ed
name representing the path to the bound subcomponent, &eferenceType and a list
of CVExpression items in brackets. The production ReferenceType is inherited
from the super grammar CommonValues and consists of quali ed names with optional
angle brackets containing further reference types. This allows madeling quali ed type
names with generic type arguments.CVEXxpression is a compact expression language
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similar to the expressions of Java and imported fromCommonValues as well. Bindings
use CVExpression instead of Java expressions to ensure compatibility with MontiArc
2.5.0, which uses the same production for component con guration arguments
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Survey Materials

This chapter provides the complete surveys and aggregated results ohé evaluations
presented in Chapter 9.

B.1 NXT Java Co ee Delivery

In the rst lab course on MontiArcAutomaton, the MontiArc was introduced as the
predecessor of MontiArcAutomaton andAutomata models were part of the MontiArc-
Automaton grammar. Hence, the survey di erentiates between MontiArc and Monti-
ArcAutomaton to identify C&C structure modeling (MontiArc) and beha vior modeling
(MontiArcAutomaton).

Questionnaire

1. What percentage (0% - 100%) of the time did you spend on...
understanding MontiArc: 86%
understanding MontiArcAutomaton: 29 :00%
understanding LeJOS: 1071%
understanding the code generation process: 329%

2. What percentage (0% - 100%) of the time did you spend on...
building LEGO robots: 24:29%
modeling the architecture using MontiArc: 19:29%
modeling behavior using MontiArcAutomaton: 36:43%
implementing behavior using Java: 2000%

3. What percentage (0% - 100%) of the time was wasted because you tried somathi

that was conceptually wrong?

Building LEGO robots: 40:71%
Modeling the architecture using MontiArc: 12:86%
Modeling behavior using MontiArcAutomaton: 33:57%
Implementing behavior using Java: 1286%
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4.

262

What percentage (0% - 100%) of the time was wasted because you tried sometlgi
that failed due to bugs in the code generator?

Building LEGO robots: 2:14%

Modeling the architecture using MontiArc: 25:71%
Modeling behavior using MontiArcAutomaton: 52:14%
Implementing behavior using Java: 571%

. How many times did you revise or recreate the...

LEGO robots: 1:33

architecture using MontiArc: 1:33
behavior using MontiArcAutomaton: 1:80
implementation using Java: 040

. Rate from 1 (simple) { 10 (almost impossible) the e ort to understand and work

on artifacts created by your team members.
LEGO robots: 2:86
Architecture using MontiArc: 4 :43
Behavior using MontiArcAutomaton: 6 :29
Implementation using Java: 429

. Rate the amount of documentation 1 (no documentation) { 10 (well docunented)

of the artifacts of the team.
LEGO robots: 2:57
Architecture using MontiArc: 4 :43
Behavior using MontiArcAutomaton: 5:14
Implementation using Java: 471

. Rate your con dence in the correctness of the artifacts created by yodrom 1 (no

con dence) { 10 (works perfectly). Assume a perfectly working cog generator.
LEGO robots: 7:40
Architecture using MontiArc: 7 :17
Behavior using MontiArcAutomaton: 6 :29
Implementation using Java: 650

. Rate your con dence in the correctness of the artifacts created by youteam mem-

bers from 1 (no condence) { 10 (works perfectly). Assume a perfedy working
code generator.

LEGO robots: 8:29
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Architecture using MontiArc: 7 :14
Behavior using MontiArcAutomaton: 6:14
Implementation using Java: 657

10. Rate the e ort to x bugs in the artifacts 1 (simple) { 10 (almost imposs ible).

11.

12.

13.
14.

Assume a perfectly working code generator.

LEGO robots: 4:71

Architecture using MontiArc: 6 :29
Behavior using MontiArcAutomaton: 6 :29
Implementation using Java: 317

How often did you run interactive tests with the following?

LEGO robots: 33:29

Architecture using MontiArc: 15:14
Behavior using MontiArcAutomaton: 43:57
Implementation using Java: 1157

How many non-interactive regression (aka. junit) tests did you implenent?

LEGO robots: 0:00

Architecture using MontiArc: 0 :00
Behavior using MontiArcAutomaton: 0:00
Implementation using Java: 029

What percentage of the components you've developed does use automata?.2¥

What percentage of the components do you think could have been develeg using
automata? 6457

B.2 Robotino ROS Python Transport Services

In this lab course, we conducted two surveys using questionnaired he students answered
the rst survey a few weeks into development and the second suryeat the end of the
course. The rst questionnaire consists of 12 questions and the secontbnsists of 18

guestions.

First Questionnaire

1. What percentage (0% - 100%) of the time did you spend on...

understanding MontiArcAutomaton C&C modeling elements: 21:11%
understanding the automata behavior language: 2567%
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understanding Python: 14:44%
understanding ROS: 2667%
understanding the code generation process: 180%

. What percentage (0% - 100%) of the time did you spend on...

modeling the C&C structure: 35:00%
modeling behavior: 1444%
implementing behavior using Python: 4500%

. What percentage (0% - 100%) of the time was wasted because you tried someatli

that was conceptually wrong(i.e., you tried something not supposed to be possible
that way) while. ..

modeling the C&C structure: 4:44%

modeling behavior: 333%

implementing behavior architecture using Python: 3389%

using ROS modules: 1111%
What percentage (0% - 100%) of the time was wasted because you tried somathi
that failed due to bugs in the code generator while. ..

modeling the C&C structure: 8:89%

modeling behavior: 1500%

implementing behavior architecture using Python: 2778%

. How many times did you revise or recreate the...

C&C models: 1:89

behavior models: 067

Python implementations: 1:56
ROS nodes: @2

. Rate from 1 (simple) { 10 (almost impossible) the e ort to understand and work

on artifacts created by your team members.
C&C models: 222
Behavior models: 325
Python implementations: 3:00
ROS nodes: 429

. Rate the amount of documentation 1 (no documentation) { 10 (well docunented)

of the artifacts of the team.
C&C models: 622
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Behavior models: 511
Python implementations: 7:44
ROS nodes: 28
8. Rate your con dence in the correctness of the artifacts created by yodrom 1 (no
con dence) { 10 (works perfectly).
C&C models: 863
Behavior models: 850
Python implementations: 6:78
ROS nodes: 286
9. Rate your con dence in the correctness of the...artifacts created ¥ your team
members from 1 (no con dence) { 10 (works perfectly).
C&C models: 775
Behavior models: 611
Python implementations: 6:67
ROS nodes: 450

10. Rate the e ort to x bugs in the...artifacts 1 (simple) { 10 (almost im possible).
C&C models: 456
Behavior models: 525
Python implementations: 2:78
ROS nodes: 460

11. What percentage of the components you've developed does use automata?.5®%

12. What percentage of the components do you think could have been develed using
automata? 3475%

Second Questionnaire
1. What percentage (0% - 100%) of the time did you spend on...
understanding MontiArcAutomaton C&C modeling elements: 13:80%
understanding the automata behavior language: 189%
understanding Python: 16:40%
understanding ROS: 4366%

understanding the code generation process: 116%

2. What percentage (0% - 100%) of the time did you spend on...
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modeling the C&C structure: 16:67%
modeling behavior: 1889%
implementing behavior using Python: 6444%
3. What percentage (0% - 100%) of the time was wasted because you tried somathi

that was conceptually wrong(i.e., you tried something not supposed to be possible
that way) while. . .

modeling the C&C structure: 5:00%
modeling behavior: 944%
implementing behavior architecture using Python: 833%
using ROS modules: 611%
4. What percentage (0% - 100%) of the time was wasted because you tried somatli
that failed due to bugs in the code generator while. ..
modeling the C&C structure: 14:44%
modeling behavior: 2778%

implementing behavior architecture using Python: 1Q00%

5. How many times did you revise or recreate the...
C&C models: 300
behavior models: 286
Python implementations: 6:14
ROS nodes: 300
6. Rate from 1 (simple) { 10 (almost impossible) the e ort to understand and work
on artifacts created by your team members.
C&C models: 400
Behavior models: 456
Python implementations: 3:11
ROS nodes: 614
7. Rate the amount of documentation 1 (no documentation) { 10 (well docurrented)
of the artifacts of the team.
C&C models: 556
Behavior models: 489
Python implementations: 7:89
ROS nodes: 500
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10.

11.

12.

13.

14.

15.

16.

Rate your con dence in the correctness of the artifacts created by yodrom 1 (no
con dence) { 10 (works perfectly).

C&C models: 800

Behavior models: 650
Python implementations: 7:22
ROS nodes: 733

. Rate your con dence in the correctness of the...artifacts created ¥ your team

members from 1 (no con dence) { 10 (works perfectly).
C&C models: 7.88
Behavior models: 611
Python implementations: 7:72
ROS nodes: 600

Rate the e ort to x bugs in the...artifacts 1 (simple) { 10 (almost im possible).
C&C models: 456
Behavior models: 522
Python implementations: 4:78
ROS nodes: 725

What percentage of the components you've developed does use automata?. 2%

What percentage of the components do you think could have been develed using
automata? 1933%

Do you think Scrum helped to enable you develop the common code bas€¢?es/No/-
Don't know): (7/0/1)

How many days do you think would it take to reuse your solution with another
(similar, e.g., Roomba) robot? 500

Please order the technologies by the complexity to understand them
C&C models: 289
Behavior models: 378
Python implementations: 1:89
ROS nodes: 44

Continuous integration: 4:40

How many hours per week did you ca. spend with this lab? 124
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17. Rate the di erent parts of the established Scrum methodology 1 (totaly useless)
{ 10 (great benet). Rate O if you do not know what is meant by the proposed
artifact / methodology.

Product Backlog: 5:89
Impediment Backlog: 6:33
Sprint Backlog: 5:11
Daily Scrum: 8:56
Spring Planning Meeting: 9:11
Sprint Retrospective: 556
De nition Of Done: 6 :00
18. Rate the concrete implementation of the di erent parts of the Scrummethodology

1 (bad implementation) { 10 (best possible integration). Rate O if you do not
understand the question.

Product Backlog: 6:50
Impediment Backlog: 6.00
Sprint Backlog: 4.89

Daily Scrum: 8:22

Spring Planning Meeting: 856
Sprint Retrospective: 6:44

De nition Of Done: 6:78

B.3 Robotino SmartSoft Java Transport Services

Both surveys were conducted via questionnaires. The rst questinnaire, answered a few
weeks into the lab course consists of 12 questions. The second questiaire, answered
at the course's end, consists of 18 questions. The additional six queshs inquire about

the students' participation and their experiences with Scrum duing the course.

First Questionnaire
1. What percentage (0% - 100%) of the time did you spend on...
understanding MontiArcAutomaton C&C modeling elements: 14:67%
understanding Automata models: 1271%
understanding the SmartSoft platform: 40:08%
understanding the code generation process: 151%

2. What percentage (0% - 100%) of the time did you spend on...
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modeling the architecture using MontiArcAutomaton C&C modeling elements:
16:91%

modeling behavior usingAutomata models: 605%
implementing behavior using Java: 4050%
implementing technological foundations using SmartSoft: 3018%

. What percentage (0% - 100%) of the time was wasted because you tried somatli
that was conceptually wrong(i.e., you tried something not supposed to be possible
that way)?

Modeling the architecture using MontiArcAutomaton C&C modeling el e-
ments: 1250%

Modeling behavior using Automata models: 850%
Implementing behavior architecture using Java: 2600%
Using SmartSoft modules: 3545%

. What percentage (0% - 100%) of the time was wasted because you tried somatli
that failed due to bugs in the code generator?

Modeling the architecture using MontiArcAutomaton C&C modeling el e-
ments: 1250%

Modeling behavior usingAutomata models: 600%
Implementing behavior architecture using Java: 2460%

. How many times did you revise or recreate the...

architecture using MontiArcAutomaton C&C modeling elements: 3:00
behavior using Automata models: 045

implementation using Java: 7.55

usage of SmartSoft nodes: 45

. Rate from 1 (simple) { 10 (almost impossible) the e ort to understand and work
on artifacts created by your team members.

Architecture using MontiArcAutomaton C&C modeling elements: 3:00
Behavior using Automata models: 233

Implementation using Java: 300

Usage of SmartSoft nodes: B3

. Rate the amount of documentation 1 (no documentation) to 10 of the artifads of
the team

MontiArcAutomaton C&C modeling elements: 4:36
Automata models: 489
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10.

11.

12.

13.
14.

270

Java implementations: 7.00
SmartSoft nodes: 329

. Rate your con dence in the correctness of the artifacts created by yodrom 1 (no

con dence) { 10 (works perfectly). Assume a perfectly working coe generator.
MontiArcAutomaton C&C modeling elements: 8:78
Automata models: 833
Java implementations: 7.78
SmartSoft nodes: 460

. Rate your con dence in the correctness of the artifacts created by youteam mem-

bers from 1 (no con dence) { 10 (works perfectly). Assume a perfedy working
code generator:

MontiArcAutomaton C&C modeling elements: 9:00

Automata models: 783

Java implementations: 7:09

SmartSoft nodes: 850
Rate the e ort to x bugs in the artifacts 1 (simple) { 10 (almost imposs ible).
Assume a perfectly working code generator:

MontiArcAutomaton C&C modeling elements: 3:73

Automata models: 350

Java implementations: 418

SmartSoft nodes: 850

How often did you run interactive tests with the following?
MontiArcAutomaton C&C modeling elements: 4:50
Automata models: 357
Java implementations: 1010
SmartSoft nodes: 100

How many non-interactive regression (aka. junit) tests did you implenent?
MontiArcAutomaton C&C modeling elements: 0:00
Automata models: Q00
Java implementations: 433
SmartSoft nodes: 000

What percentage of the components you've developed does use automata?.(%%o

What percentage of the components do you think could have been develeg using
automata? 2000%
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Second Questionnaire

1. What percentage (0% - 100%) of the time did you spend on...

understanding C&C models: 500%
understanding Automata models: 500%
understanding SmartSoft: 4682%

understanding the code generation process::86%

. What percentage (0% - 100%) of the time did you spend on...

modeling the architecture using C&C models: 1008%

modeling behavior usingAutomata models: 475%

implementing behavior using Java: 3650%

implementing technological foundations using SmartSoft: 2325%

. What percentage (0% - 100%) of the time was wasted because you tried sométg

that was conceptually wrong (i.e., you tried something not supposed tde possible
that way)?

Modeling the architecture using C&C models: 833%
Modeling behavior usingAutomata models: 792%
Implementing behavior architecture using Java: 708%
Using SmartSoft components: 1675%
. What percentage (0% - 100%) of the time was wasted because you tried sometlgi
that failed due to bugs in the code generator?
Modeling the architecture using C&C models: 813%
Modeling behavior usingAutomata models: 875%
Implementing behavior architecture using Java: 938%

. How many times did you revise or recreate the...
architecture using C&C models: 1100
behavior using Automata models: 118
implementation using Java: 1220
usage of SmartSoft components: :80
. Rate from 1 (simple) { 10 (almost impossible) the e ort to understand and work
on artifacts created by your team members.
C&C models: 383
Automata models: 467
Java implementations: 425
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7.

10.

11.

12.

13.

14.

15

272

SmartSoft components: 875
Rate the amount of documentation 1 (no documentation) to 10 of the artifads of
the team members.

C&C models: 7:70

Automata models: 438

Java implementations: 7.73

SmartSoft components:; 214

. Rate your con dence in the correctness of the artifacts created by yodrom 1 (no

con dence) { 10 (works perfectly).
C&C models: 820
Automata models: 520
Java implementations: 7.58
SmartSoft components: 740

. Rate your con dence in the correctness of the artifacts created by youteam mem-

bers from 1 (no con dence) { 10 (works perfectly).
C&C models: 7:17
Automata models: 833
Java implementations: 7.18
SmartSoft components: 540

Rate the e ort to x bugs in the artifacts 1 (simple) { 10 (almost imposs ible).
C&C models: 367
Automata models: 283
Java implementations: 525
SmartSoft components: 822

What percentage of the components you've developed does usatomata models?
6:00

What percentage of the components do you think could have been develeg using
Automata models? 791

Do you think Scrum helped to enable you develop the common code basedivid-
ually? (Yes/No/Don't know): (9/0/3)

How many days do you think would it take to reuse your solution with another
(similar, e.g., Roomba) robot? 1890

Please order the technologies by the complexity to understand them
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SmartSoft components: 590

C&C models: 360

Automata models: 333

Java implementations: 170

Maven: 3:90

Continuous Integration (Jenkins / Nexus): 2:30

16. How hours per week did you ca. spend with this lab? 192

17. Rate the di erent parts of the established Scrum methodology 1 (totaly useless)
{ 10 (great benet). Rate O if you do not know what is meant by the proposed
artifact / methodology.

Product Backlog: 5:25
Impediment Backlog: 4:08
Sprint Backlog: 5:67
Daily Scrum: 7:92
Sprint Planning Meeting: 8:50
Sprint Retrospective: 6.17
De nition of Done: 5:50
18. Rate the concrete implementation of the di erent parts of the Scrum methodology

1 (bad implementation) { 10 (best possible integration). Rate 0 if you do not
understand the question:

Product Backlog: 3:45
Impediment Backlog: 291
Sprint Backlog: 4:09

Daily Scrum: 7:27

Sprint Planning Meeting: 7:36
Sprint Retrospective: 555

De nition of Done: 4:18
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Appendix C
Kinds of Names in MontiArcAutomaton

MontiArcAutomaton integrates at least four modeling languages for structural aspects of
software architectures, their data types, description of code gerrators, and con guration
of applications. Most related entities are referenced by name in or beteen models of
these languages. This appendix thus describes the di erent typesf names and illustrates
their usage.

Table C.1: Important kinds of names in MontiArcAutomaton.

| Name | Example | De nition | Usage \
: MontiArc- _
Architecture Automaton ADL In appllcgtlon
root robots.BumperBot component type con guration
component | P b P models (such
name de nition as Listing 8.3)
(cf. Listing 2.3) '
Application
Code In generator con guration
generator ComponentsJava description models | models reference it
name (e.g., Listing 7.1) to select generators
(Listing 8.1)
Component type Subcomponent
Component de nition (for A
BumpControl . . declarations
type name instance List- (e.g. Listing 2.3)
ing 5.26) g g<
In MontiCore
Cont(_a?d robotarmpy. By constituting language de nition
condition classes and code
NoComplexTypes Java classes [¥11]
name generators
(Listing 7.5)
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Table C.2: Important types of name in MontiArcAutomaton (continued).

plementation

AirQualityChecker

implementation

| Name | Example | De nition | Usage
. De nition of port
Data type Class diagram types in component
name P commands.TimerCMD model or Java/P tyge de nitionps
model (Figure 5.2) (Listing 4.2)
Conformance
. MontiArc- declaration in
Generator generatorkinds. Automaton generator
kind name Behavior infrastructure description models
(Listing 7.5)
GPL . .
behavior im- | hazards. GPL behavior Platform-speci ¢

atomic components

artifacts (Section 4.1.1)
name
terminal MontiCore anguages of code
production MontiArcAutomaton. grammar of a DSL ger?era?ors
name MAAComponent (Section A.1.2) (Listing 7.7)
Generator
Run-time descriptions

environment

runtimes.javats

RTE package

(Listing 7.1) and

declaration platform-speci c
name :
atomic components
(Listing 4.2)
De nition of
Subcompo- De nition of connectors
nent containing (Listing 5.26) and
. controller e
instance component type speci cation of
name (also Listing 5.26) | bindings (e.qg.,
Listing 8.1)
componentsjava. Declared by
Starting MainTemplate or By the generator's | generator
point name componentsjava. artifacts description models
Generator.start() (Listing 7.7)

276




Appendix D

Diagram and Listing Tags

This appendix describes the tags and stereotypes used to descrilbeodels, artifacts, and
their constituents through this thesis. Both tags and stereotypes areused with gures
and listings. First, Table D.1 describes the used tags. Afterwards,Table D.2 displays
the used stereotypes.

Table D.1: Tags used in listings and gures throughout this thesis.

«Q

e

Description

JUIDpDUULDODDDUULDOL

UML/P activity diagram

Application con guration model

Combined application con guration with generator description
Automata model

BehaviorARC model

Component diagram

FreeMarker template

Groovy behavior con guration model

Generator description model

Java/P model

MontiCore language con guration le

MontiArc model

MontiArcAutomaton model

MontiCore grammar

MontiCore languages

Pseudo code

Python code

ROS graph

ROS graph connected to MontiArcAutomaton model
ROS msg model
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Tag Description
gen Generated element
hc Handcrafted element

278

Table D.2: Explanation of the stereotypes used throughout this thesis.
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Related Interesting Work from the SE Group, RWTH Aachen
Agile Model Based Software Engineering

Agility and modeling in the same project? This question was raised in [Rum04]: “Using an executable, yet
abstract and multi-view modeling language for modeling, designing and programming still allows to use
an agile development process.” Modeling will be used in development projects much more, if the bene ts
become evident early, e.g with executable UML [Rum02] and tests [Rum03]. In [GKRSO06], for example,
we concentrate on the integration of models and ordinary programming code. In [Rum12] and [Rum11],
the UML/P, a variant of the UML especially designed for programming, refactoring and evolution, is
de ned. The language workbench MontiCore [GKB6] is used to realize the UML/P [Sch12]. Links

to further research, e.g., include a general discussion of how to manage and evolve models [LRSS10], a
precise de nition for model composition as well as model languages [HB3} and refactoring in various
modeling and programming languages [PRO03]. In [FHR08] we describe a set of general requirements for
model quality. Finally [KRV06] discusses the additional roles and activities necessary in a DSL-based
software development project. In [CEG4] we discuss how to improve reliability of adaprivity through
models at runtime, which will allow developers to delay design decisions to runtime adaptation.

Generative Software Engineering

The UML/P language family [Rum12, Rum11] is a simpli ed and semantically sound derivate of the
UML designed for product and test code generation. [Sch12] describes a exible generator for the UML/P
based on the MontiCore language workbench [KRV10, GRE]. In [KRV06], we discuss additional

roles necessary in a model-based software development project. In [GKRS06] we discuss mechanisms
to keep generated and handwritten code separated. In [Weil2] demonstrate how to systematically derive
a transformation language in concrete syntax. To understand the implications of executability for UML,
we discuss needs and advantages of executable modeling with UML in agile projects in [Rum04], how
to apply UML for testing in [RumO03] and the advantages and perils of using modeling languages for
programming in [RumO02].

Uni ed Modeling Language (UML)

Many of our contributions build on UML/P, which is described in the two books [Rum11] and [Rum12]
implemented in [Sch12]. Semantic variation points of the UML are discussed in [GR11]. We discuss for-
mal semantics for UML [BHP 98] and describe UML semantics using the “System Model” [BCGR09a],
[BCGRO09b], [BCRO7b] and [BCRO7a]. Semantic variation points have, e.g., been applied to de ne class
diagram semantics [CGRO08]. A precisely de ned semantics for variations is applied, when checking va-
riants of class diagrams [MRR11c] and objects diagrams [MRR11d] or the consistency of both kinds of
diagrams [MRR11e]. We also apply these concepts to activity diagrams [MRR11b] which allows us to
check for semantic differences of activity diagrams [MRR11a]. We also discuss how to ensure and iden-
tify model quality [FHRO08], how models, views and the system under development correlate to each other
[BGH* 98] and how to use modeling in agile development projects [Rum04], [Rum02]. The question how
to adapt and extend the UML is discussed in [PFR02] describing product line annotations for UML and
more general discussions and insights on how to use meta-modeling for de ning and adapting the UML
are included in [EFLR99] and [SRVK10].

Domain Speci ¢ Languages (DSLSs)

Computer science is about languages. Domain Speci ¢ Languages (DSLs) are better to use, but need
appropriate tooling. The MontiCore language workbench [GRE)], [KRV10], [Kral0] allows the spe-



ci cation of an integrated abstract and concrete syntax format [KRV07b] for easy development. New
languages and tools can be de ned in modular forms [KRV08, V6l11] and can, thus, easily be reused.
[Weil2] presents a tool that allows to create transformation rules tailored to an underlying DSL. Varia-
bility in DSL de nitions has been examined in [GR11]. A successful application has been carried out
in the Air Traf c Management domain [ZPK11]. Based on the concepts described above, meta mode-
ling, model analyses and model evolution have been discussed in [LRSS10] and [SRVK10]. DSL quality
[FHRO08], instructions for de ning views [GHKO07], guidelines to de ne DSLs [KKP09] and Eclipse-
based tooling for DSLs [KRV07a] complete the collection.

Modeling Software Architecture & the MontiArc Tool

Distributed interactive systems communicate via messages on a bus, discrete event signals, streams of
telephone or video data, method invocation, or data structures passed between software services. We use
streams, statemachines and components [BR0O7] as well as expressive forms of composition and re -
nement [PR99] for semantics. Furthermore, we built a concrete tooling infrastructure called MontiArc
[HRR12] for architecture design and extensions for states [RRW13b]. MontiArc was extended to des-
cribe variability [HRR 11] using deltas [HRRS11] and evolution on deltas [HRRS12]. [GEK] and

[GHK™* 08] close the gap between the requirements and the logical architecture and [GKPRO08] extends

it to model variants. [MRR14] provides a precise technique to verify consistency of architectural views
against a complete architecture in order to increase reusability. Co-evolution of architecture is discussed
in [MMR10] and a modeling technique to describe dynamic architectures is shown in [HRR98].

Compositionality & Modularity of Models

[HKR* 09] motivates the basic mechanisms for modularity and compositionality for modeling. The me-
chanisms for distributed systems are shown in [BR0O7] and algebraically underpinned iri HKFSe-
mantic and methodical aspects of model composition [KRV08] led to the language workbench MontiCore
[KRV10] that can even be used to develop modeling tools in a compositional form. A set of DSL design
guidelines incorporates reuse through this form of composition [K&®R. [V6l11] examines the compo-
sition of context conditions respectively the underlying infrastructure of the symbol table. Modular editor
generation is discussed in [KRV07a].

Semantics of Modeling Languages

The meaning of semantics and its principles like underspeci cation, language precision and detailedness
is discussed in [HR04]. We de ned a semantic domain called “System Model” by using mathematical
theory in [RKB95, BHP 98] and [GKR96, KRB96]. An extended version especially suited for the UML

is given in [BCGRO09b] and in [BCGR094] its rationale is discussed. [BCR07a, BCRO7b] contain detai-
led versions that are applied to class diagrams in [CGRO08]. [MRR11a, MRR11b] encode a part of the
semantics to handle semantic differences of activity diagrams and [MRR11e] compares class and object
diagrams with regard to their semantics. In [BR0O7], a simpli ed mathematical model for distributed sys-
tems based on black-box behaviors of components is de ned. Meta-modeling semantics is discussed in
[EFLR99]. [BGH' 97] discusses potential modeling languages for the description of an exemplary object
interaction, today called sequence diagram. [BGH] discusses the relationships between a system, a
view and a complete model in the context of the UML. [GR11] and [CGRO09] discuss general require-
ments for a framework to describe semantic and syntactic variations of a modeling language. We apply
these on class and object diagrams in [MRR11e] as well as activity diagrams in [GRR10]. [Rum12] de-
nes the semantics in a variety of code and test case generation, refactoring and evolution techniques.
[LRSS10] discusses evolution and related issues in greater detail.



Evolution & Transformation of Models

Models are the central artifact in model driven development, but as code they are not initially correct
and need to be changed, evolved and maintained over time. Model transformation is therefore essential
to effectively deal with models. Many concrete model transformation problems are discussed: evoluti-
on [LRSS10, MMR10, RumO04], re nement [PR99, KPR97, PR94], refactoring [Rum12, PR03], trans-
lating models from one language into another [MRR11c, Rum12] and systematic model transformati-
on language development [Weil2]. [RumO04] describes how comprehensible sets of such transformati-
ons support software development and maintenance [LRSS10], technologies for evolving models wi-
thin a language and across languages, and mapping architecture descriptions to their implementation
[MMR10]. Automaton re nement is discussed in [PR94, KPR97], re ning pipe-and- Iter architectures is
explained in [PR99]. Refactorings of models are important for model driven engineering as discussed in
[PRO3, Rum12]. Translation between languages, e.g., from class diagrams into Alloy [MRR11c] allows
for comparing class diagrams on a semantic level.

Variability & Software Product Lines (SPL)

Products often exist in various variants, for example cars or mobile phones, where one manufacturer
develops several products with many similarities but also many variations. Variants are managed in a
Software Product Line (SPL) that captures product commonalities as well as differences. Feature dia-
grams describe variability in a top down fashion, e.g., in the automotive domain {GBKusing 150%
models. Reducing overhead and associated costs is discussed in [GRJA12]. Delta modeling is a bottom
up technique starting with a small, but complete base variant. Features are additive, but also can modify
the core. A set of commonly applicable deltas con gures a system variant. We discuss the application of
this technique to Delta-MontiArc [HRR11, HRR 11] and to Delta-Simulink [HKM 13]. Deltas can

not only describe spacial variability but also temporal variability which allows for using them for soft-
ware product line evolution [HRRS12]. [HHKL3] describes an approach to systematically derive delta
languages. We also apply variability to modeling languages in order to describe syntactic and semantic
variation points, e.g., in UML for frameworks [PFR02]. Furthermore, we speci ed a systematic way to
de ne variants of modeling languages [CGR09] and applied this as a semantic language re nement on
Statecharts in [GR11].

Cyber-Physical Systems (CPS)

Cyber-Physical Systems (CPS) [KRS12] are complex, distributed systems which control physical en-
tities. Contributions for individual aspects range from requirements [GRJA12], complete product lines
[HRRW12], the improvement of engineering for distributed automotive systems [HRR12] and autono-
mous driving [BR12a] to processes and tools to improve the development as well as the product itself
[BBRO7]. In the aviation domain, a modeling language for uncertainty and safety events was develo-
ped, which is of interest for the European airspace [ZRK]. A component and connector architecture
description language suitable for the speci c challenges in robotics is discussed in [RRW13b]. Monito-
ring for smart and energy ef cient buildings is developed as Energy Navigator toolset [KPR12, FPPR12,
KLPR12].

State Based Modeling (Automata)

Today, many computer science theories are based on statemachines in various forms including Petri nets
or temporal logics. Software engineering is particularly interested in using statemachines for modeling
systems. Our contributions to state based modeling can currently be split into three parts: (1) under-
standing how to model object-oriented and distributed software using statemachines resp. Statecharts



[GKR96, BCRO7b, BCGR0O9b, BCGRO09a], (2) understanding the re nement [PR94, RK96, Rum96] and
composition [GR95] of statemachines, and (3) applying statemachines for modeling systems. In [Rum96]
constructive transformation rules for re ning automata behavior are given and proven correct. This theory
is applied to features in [KPR97]. Statemachines are embedded in the composition and behavioral speci-
cation concepts of Focus [BRO7]. We apply these techniques, e.g., in MontiArcAutomaton [RRW13a]
as well as in building management systems [FLP].

Robotics

Robotics can be considered a special eld within Cyber-Physical Systems which is de ned by an inher-

ent heterogeneity of involved domains, relevant platforms, and challenges. The engineering of robotics
applications requires composition and interaction of diverse distributed software modules. This usually
leads to complex monolithic software solutions hardly reusable, maintainable, and comprehensible, which
hampers broad propagation of robotics applications. The MontiArcAutomaton language [RRW13a] ex-

tends ADL MontiArc and integrates various implemented behavior modeling languages using MontiCore

[RRW13b] that perfectly t Robotic architectural modelling. The LightRocks [THE3] framework al-

lows robotics experts and laymen to model robotic assembly tasks.

Automotive, Autonomic Driving & Intelligent Driver Assistance

Introducing and connecting sophisticated driver assistance, infotainment and communication systems
as well as advanced active and passive safety-systems result in complex embedded systems. As these
feature-driven subsystems may be arbitrarily combined by the customer, a huge amount of distinct va-
riants needs to be managed, developed and tested. A consistent requirements management that connects
requirements with features in all phases of the development for the automotive domain is described
in [GRJA12]. The conceptual gap between requirements and the logical architecture of a car is clo-
sed in [GHK 07, GHK' 08]. [HKM* 13] describes a tool for delta modeling for Simulink [HRKNI3].
[HRRW12] discusses means to extract a well-de ned Software Product Line from a set of copy and
paste variants. Quality assurance, especially of safety-related functions, is a highly important task. In
the Carolo project [BR12a, BR12b], we developed a rigorous test infrastructure for intelligent, sensor-
based functions through fully-automatic simulation [BBRO7]. This technique allows a dramatic speedup

in development and evolution of autonomous car functionality, and thus enables us to develop software
in an agile way [BR12a]. [MMR10] gives an overview of the current state-of-the-art in development and
evolution on a more general level by considering any kind of critical system that relies on architectural de-
scriptions. As tooling infrastructure, the SSElab storage, versioning and management services [HKR12]
are essential for many projects.

Energy Management

In the past years, it became more and more evident that saving energy and reducing CO2 emissions is
an important challenge. Thus, energy management in buildings as well as in neighbourhoods becomes
equally important to ef ciently use the generated energy. Within several research projects, we developed
methodologies and solutions for integrating heterogeneous systems at different scales. During the design
phase, the Energy Navigators Active Functional Speci cation (AFS) [FPPR12, KPR12] is used for tech-
nical speci cation of building services already. We adapted the well-known concept of statemachines to
be able to describe different states of a facility and to validate it against the monitored valuéd [fLP

We show how our data model, the constraint rules and the evaluation approach to compare sensor data
can be applied [KLPR12].



Cloud Computing & Enterprise Information Systems

The paradigm of Cloud Computing is arising out of a convergence of existing technologies for web-based
application and service architectures with high complexity, criticality and new application domains. It
promises to enable new business models, to lower the barrier for web-based innovations and to increa-
se the ef ciency and cost-effectiveness of web development [KRR14]. Application classes like Cyber-
Physical Systems [HHK14], Big Data, App and Service Ecosystems bring attention to aspects like
responsiveness, privacy and open platforms. Regardless of the application domain, developers of such
systems are in need for robust methods and ef cient, easy-to-use languages and tools [KRS12]. We tack-
le these challenges by perusing a model-based, generative approach [NPR13]. The core of this approach
are different modeling languages that describe different aspects of a cloud-based system in a concise
and technology-agnostic way. Software architecture and infrastructure models describe the system and its
physical distribution on a large scale. We apply cloud technology for the services we develop, e.g., the
SSELab [HKR12] and the Energy Navigator [FPPR12, KPR12] but also for our tool demonstrators and
our own development platforms. New services, e.g., collecting data from temperature, cars etc. can now
easily be developed.
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