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Abstract. Embeddsd systems represent fmdamentally new challenze: for
software desiom, which render comventional approackss to  software
composition ineffertive  Startine with the umigne challense: of building
embadded systems, this paper discuszes key iszoes of model-bazad techralogy
for embeddad systems. The dizcossion wses Aodel-Imtesrated Computing
(I 2= an-!:nmple for model-based software development In MIC, damain-

specific, multiple view modals are uzed in all phases of the development
process. Mlodel: explicithy reprezemt the embedded soffware and the
environment it operates in, and capture the requiremens of the application,
simultaneonsly. Models are descripiive, in the sense that they allow the formal

amabraiz, verificaton and validation of the embaddsd syztem at deziem time.
Modals are also pemerative, in the senss that they camy enoush information for

automaticzlly gensrating embedded syst=ms from them wng the techrigues of
PrOZTAm Zemeratars.

1 Introduction

Parhaps the bizgest mpact of the “IT explozion™ in the last decads has been the
emergime role of computing and software 3z “undver:al svstam intesrator.”™ Svstems
are formed from interacting componants. The new trend is that an increasing mumbar
of componants and intsraciions m real-life svstams, which weare previously phvsical
are becoming compuraronal. From large-scals syvstems such as manufacturing
proceszes or command and conirol {E]} svsierns, to small systems such as
automobiles and zimple appliances, imferaction and coordination of phy=ical
components mcreasinghy myvolves digital information proceszing and communication.
For example the antomotive mdusiry iz currently testing “hrake-b-wire™ svatems,
where the currently dominant hvdraulic and mechanical brake svstems will be
replaced by position senzors observing the braks padal electrical actuators exerting
braking force, and a dismibuted, embeddad computer svstem, which computes the
nphmmfnrced:smhmgnac:ﬂrdmgmthed:mngmnm Two important
consegueances of thiz chanze are the followme:

» Imcreased foziom of software imto application domain:s. In mamy spplication
domaims computing has become the focal pomt of complexity and the primary
zpurce of new funciionality. For example over 90% of mnovatonz m the
artomotive industry come from embeddad computing [33]). The mcreaszed



zismificance of computing mean: that unless unigque charactanstics of the

application domain are reflected directly in the software development paradizms,

apphication engineering consideration: pmst be mapped mamially onto general-
purpose zoftwars engineering concepts and tools, which = tadious and amor-prone
for both the domain expertz and the software expertz. The difficuliv of thiz mamaal
mapping process crestes the need for sharply tailored capabilities. such 3= domain-
zpacific languages, generators, and composition platforms that enable buildins of
applications from components.

= Physicality in software design. In embadded computing zpplications, the role of
the embedded sofiware 1= to confizure and control the operation of prosrammable
compuiing devices so as to meet phvzical reguirementzs at their sensor-achator
interfaces Thiz deep intezraton of computns with phyvsical systems mmplies that
essential phvsical characteristics of swvstems (such az latency, noizs, power
consumption) are strongly influenced — or simply detenmined by — softwarns.

Conzaguently, soffware requirement: become multi-faceted, ie. computstional

platforms and szoftware must zatisfy fonctonal and phyzical regquirements

simultameousiy.
The goal of thiz papaer 1z to discusz challenges and opportunities of zenerative
programming for ambadded szoftware development We use the term “gensrative
programmins” i 3 broad sense: svster: or component: of svstems are produced
automatically from abstract tenms [28]. The examples for poszible solations are baszed
on our experience gained from the Model-Tmiesrared Computing () effort at the
Institote of Software Infesrated Systems (ISIS) at Vanderbilt Unmversity [1].

The outline of the paper iz the followme: In Saction 2, we examins the challenzeas
of compozing complex systems from components and describe 3 model-based
extenzion of compozibion platforms. Section 3 sumumarize: the challensez and
drzcuzzes the MIC approach in modeling lansnases and model building In Sachon 4,
we provide an overview of generator technologies in the MIC framework. Secton 3
summarizes some of the relevant approaches and compares them with MIC.

2 Significance of Generative Programming

Compozition and component-bazed desizn are key tools m modem softvare
enzinesring for managing complexity. The concept of component-based desizn is
straizhiforward: svstems are built by composing software components with precizaly
defined mtarfacss using standardized mtercommection mechamizms. “Phig-and-playv™
constrocton is supportad b an undarhving composition framework, such as COREA
or COM-+, which facilitates the component interactions by providing standard zervices
swch as a2 request broker, imferface repository, locatton service, and others.
Unfortunaiely, thiz soluton tends to work enther for bullding systems with relatively
coarse-prained component: wzing amall ameuntz of “glue code™, or for very small
syaterns with a faw component: bacaise of the following two probletns:

1. Component interfaces m conventional standard:-based compositton frameworks
only capture the sismature but not the semantic: of components. Consagquently,
design intesrity for the composed svstam may quickhr be lost and inconsistancies



may emeargs by simply combining components based on compatibility of interface

signatures.

2. To achieve flexibility, components are frequently designed to be customizable to
different application contexts viz parameterization or via the selection of alternative
implementations. In large svstems, these choices represent complex, interacime
assumptions about operating conditions. which mayv lead to brittleness.

The success of buillding application: bazed on coarze-grained components is the rasult

of strong restnictions on component inferactons: the domimant componants (such az

databazes or web browsars) preserve the overall design imtesriny. In caze of small
syaternz, the system designers can preserve desien mtegrty without extenzive tool
support throush heroic marmial affort.

Althoush sofivware composiiion 1z rarely easy, the problems of softoare
composition for embedded systems are paricularhy ]mrd_ Phy=ical proceszes surround
embedded computers, which receve their impuats from zenzors and send their outputs
to actuators. When viewed from their sansor and acmstor interfaces. embedded
computing devices act like physical processes with dvnarmics, noise, fault, size, power
and other phvsical characteristics. The role of the embedded software & fo
“comfizure” the compuring device in order to meet [z pipvsical reguirement: [2]. The
mapping of logical behavior mio phyzical behavior 1= influenced by the detadled
phv=ical characteristics of the devices mvolved, includmg their phy=ical architecturs,
matruction execution speed, bus bandwidth, power dissipation, etc. In addibon,
modam procassor architectaras introduce complex interactions betwesn the softoware
and essentiz] phvsical charactaristics of the underhving devices.

It i= not surprising that using cwrent software techmology logical/'functional
composability does not imphy phv=ical composability. In fact, piesical properiies are
aol compozable, rather, they appear as cross-cuothng constraint: i the development
procesz. The effects of such cross-cutting consiraimt: can be devastating for the
design. Meeting specifications in one part of the svstem mayv destrov performamce m
othars, and. additionally, many of the problems will surface at system integration time
rather than durne unit development and tesiing. Conzequently, we need to chanzs our
approach to the design of embeddad software: productvity increases must comsa from
tools that directly address the design of the whole system with itz manyv diffsrent
phvsical and logical aspacts.

There are sevearal comprehenszive approachs:, such az Model-Intsgratad Computing
(IIC) [11, Aspect-Oriented Progranumime [3], Intentional Programming [4], GenVoca
Architecture [3], that attempt to answer problems of composing complex systerms. In
our discossion, we focus om MIC and point out some of the zimulantes and
differences with the other approaches.

Fisure 1 show: an overview of the MIC architecturs. The application: and
mirastructurs software (left side) are dafined by application model: and platfornm
modals. The difference between MIC for embedded and non-embedded svstams iz
particularhy significant regarding the scope and composirtion of models. In order to
make the phyzical properties of the embedded svstem computable and analvzabla,
modals capiunng only the logical charactensztics of applications and infrastructure
softwrare are insufficient. The models pmst inclode phyzical properties of the
platforms= and the mapping betwesn the application and platform modals. The scope
of modaling and the requirad level of abstaction are highly domain-zpecific. We



