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Abstract

The process of specifying an embedded system mvolves capiur
g complex miermelationships between the handware domsun, the
software domann, amd the engineenng domain used W describe the
enviromment in which the system will be embedded. Developers
iscreasingly wrn o domais-specific modelmg echnsgues o mean
age ths complexnty, through such approasches as Model Integrated
Computing and Model Diven Arclatectore.  However, the spec
fication of doman-specific modeling language syntax and semsm
bcs remanns more of an art than a ssence.  Typically, the syntax
of a DSML 15 captured wsing a metamadel; bowever, there ane
few best-practces for metanssdeslmg and oo pubbe collection of
rewseble metamodel b o address common language specfication
requirements. There 15 a need for an advanced, comprehensive Lan

suage design environment that offers il support for 2 wade range
of meamodel reuse straisgees and ithe preservalion of metamodel

1ng best-practices. We outhine existing technupues for tee rewse ard
commposation of metamodels, and propose a pew metansode ] compse
sibion techague we call Template Instantation.

1 Introduction

In as carrent state, the defimbon of pew doman-gpecelic sl

ehag languages via metamwsdelng 15 meore of an at than a =
ence.  Metamaodelmg best practices are pol well understood or

documented. Maost DSMLs are bushl completely from scraich, us

g only the metamodeler's personal experience in language def

iaitson o gasde the process. Consequently, we see a peed for b

brares of rewsable meamodel fragments or patiems o serve as
DEML buikhing-blocks. Metamiodel rease will brmg o the realm
of DEML specification benefits analogous o those that softesans
rewse browght o the realm of soflware enginesring:

= The aviedance of dupheation of effort
& The emergence of high-guality reusable metamodel fragments
& The recognition of key metamodeling pattems amd best prac
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= A sapnaficant reduction m the teee- o-market for new DSMLs

The cormersbone for metanodel rewse 15 bool support for a vanety of
mctamodel composiimn teclmgues,

We envision a umified, comprebensave misdehng language design
ervironment winch provides direet support for every language de
sign sk, The full scope of language design exiends far be
wond abstract syntax specification through metamodeling. Espe
crally for embedded systems mwdelms, tere 15 a strong meed for
dinmann-specific modeling Bnguapges with unrambiguous semantics
and busbi-in analysis capalmhies. Conseguently, a comprebensive
Eanguage deagn environmeent wall also fully support the specifica
towa of formel structural and behavioral semanbcs, semantic inag
pings, property-preserving model transformations, and hinks e ex
termal formal analyvsas tools. Whenever possable tus environment
sloubd ease the language design process by enabling al beast par
bl auloaatic geseraisn or composation for cach of the aforsmen
posed elements, Srong support for the reuse of syntaciie meta
mode] fragments and patterns will greatly help in the effort, be
cause ecach composable metamodel fragment can have associated
siruciural semaniics, semanbic mappings, and model ransforma
bows that can also be composed and reused. OF course, reusable
synbacty: pabipers will also belp laagusge designers rapidly con
struct new languages including tine-tested, quahty mwdelms styles
and patierns of expression.

The Model Integrated Computng toolsaite [B] nclodes wools that
can be wsed o address the capailies meationed above.  The
Ciepene Modeling Environment (GME) includes a metamaodelmg
erviroament for the specificabon of DSML absirsct syntax, and
alsan has sone support for the compositon and rewse of metand

els [3]. The Graph Rewnitmg And Transformation ool (GReAT) 15
o 1 Iwailed saiscle] iransfosmers [2]. The carrent MIC solution for
the formal specification of DML behavioral sencmiies 15 called
Semantic Anchoring [9)[10]. Semantic Anchonag mandates the
uze of GME for defimng language syntax by formal metamaodels,
CiReAl for creabing semantic mapmags wang fonnal model trans

formations, formal awadels of computabion represented as Semondic
[inits for capturing behavioral semantics, amd the formal Albsiract
State Maclhine | 5] framework for expressing and executing the for

il semanbics specificatsons built usig the Semantic Unis. Recent
reseanch advocates the use of Home Logee o speafy DEML strsc

ural semantics, amd describes the Fmd wolswie for the generaion
and analysis of structural semantics from GME metamaodels [6][1].

This paper focases oo the reuse of DSML syntax via inetanmwsdel
composilian. In Seciwn 2 we review exesting metamodeld compo



sibion technegues, each of which should e supported in a compre
hensrve language desagn ool. [n Section 3 we propose o new mela
mosdel composabtion technique we call Template Instanbation. We
also melude a proof-of-coscept demonstration of this lechnxgue us
g a metunodeling eoplale instantation ool bolt for use with
GME. In Section 4 we discuss some sleas for fulure investigation
reganting the relalionslnp between fee reuse of imetamodels and the
rewse of semsantic pecifications.

2 Cuorrent Metamodel Composition Methods

In thes section, we desernbe three general technagues for metamode]
conmposation and discuss when sach may be best applied. We also
provide illustrabive examples of the different tiechnagues wsing pn
manly the GME metamodeling language, MetalGME [4].

2.1 Metamodel Merge

Aometamwde] may be thought of as a naimespace for a sst of model

1ag cosbrocts. When composing two imodeling languages wogether,
naine oolhssons between the two composed metanmdels nesd to be
dealt with 1o an atelligent way, Typcally, mame collsons between
the elements of two memmodels implies that the domaing of those
msdeling languages miersect m some way, however, this “concepl
calhizin™ may occur even between maodelimyg constructs with dif

ferenl names. Any U two DSMLs iaclude modeling constructs
thal capiure a shared set of real-world entiiies, those concepis can
be woed ax “pon poants” w stitch the two languages topether into a
anified wiwde, We refer o Hus metanmsde] compositson technigue
as Metamixdel Merge.

MOF 2.0, the OMG standardized metamodeling langusage 7], dic
Lates an algorithin for merging metanmodels that fases ogeter the
mela-obpects with the sune name amd metatype from each mela
meosddel. MOF terms this operation a Package Merge because il op
erabes al the Package kevel amd recursively impacis all of the ele
meals contamed within the merging packiges. The new metamodel
resulbing from a MOF Package Merge maintams no dependency ne
latwmnships, such as inheritance, importation, redefimibion, of Dype
conformance, with the metamodels merged o create it — each ele
meal beloaging W tee new metamodel 5 pewly-created acconding
o the Package Merge algonthm. The MOF specification provedes
specaific rules for mergimg each of the different MOF metalypes,
which we wall ool review m depth here. However, Package Merge
can be generally undergomd a2 a recursive umomng of model ele
menls matched by name and metatype.

MetalGiME enables Metanmodel Merge through the wse of three types
of elass iheniance amd a gpecial Closs Eguivalence operator. Class
Equivalence 15 used o show a fall wnon between two classes. The
unmmned classes cease o exisl as disinct metanodel elements, m
stead fusang o a angle class, This uaion emcompasses all the at
tributes and asocations, including seneralizabon, specializatun,
and contarminest, of sach of the fused classes. The umon prscess
15 very samalar o mergmg clases throagh MOF Package Merge,
excepl that the operation takes place af the class kevel matead of
the package (or metamadel) level, the two merged classes do nol
nead o have the sane tame, and the use of the Class Eguivalence
operator does ol prodice a pew denvalive metaimodel .

It i possible stmply o use nhentance as a weaker mechansam for
meerging melamodels - e “s-a-kind-of ™ gpecmahization relabionshp
15 saimabar to, bul weaker than, the “is-equivalent-o™ Class BEguiva
lence relaonship. In additkn o the regular notion of class mher

pance supponied m both MetaGME and MOF 2.0, MetaGME also
defines two special inhentanee operators, mnplementation inben
tance amd mlerface mhentance. In implementation mhentance, the
chirld maherits all of the parent’s attnbates, but only the contannent
associainn where e parent funciwns as the contamer. Mo oflber
associaisons are mheried. Interface inhentance allows no atirbute
ehentance bat doss allow full asociation inhentance, with one ex
ceplion: conlanment associations where the pareat functons as the
container are ool inberbed.

Figures 1-3 provede an example of the metanmodel merge wath
MeialiME. Frgure 1 shows part of a DMSL for modeling the prop

eriwes of software components and thear deployonsent onbo abatracied
hardware components for execution, and Figune 2 shows part of a
DSML for mwodelmg the detals of hardwanre compoments. [ imaght
make sense W merge thes: two DEMLS and get a combised lan

guage that can capiure detals about both the hardware and the sofi

ware of a partecular system. In Figure 3, the Class Eguivalenoe op

erator (the hollow dsameond) s used o fuse the wop- level comoepls
froen each language dealing with hardware. The new class result

eng froam this fuseon wall have a new name (specified on the Class
Fgurvalence objpect) and mclude the Secunty Enclave attnbute from
the Processang Module class.
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Figure 1. Soltware depdoyment meLamsedel Cragment
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Figure 2. Hardware comgeescnl metamodel Cragowenl
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Figure 3. Class merge

2.2 Meiamodel Interfacing

The metanmsde]s of two DSMLS coplarmg two conceplsally distinet

but relvted domains may be composed o explore the inberacisons
between the two domains.  Performimg dus composabion requares

the dde lineatuan of an inberface between the two modeling languages
consisting of new modehng entibes and relabonshaps deat do sot

sinctly bebong o either of the composed maodelms languages.

For an example uwse case, imagine that we had a language for nod
eling system requmrements amd a separaie language for modelmg
hardware and software, [ woulbd be usefal o inteface duse two
Eanguages o enable the raceability of reguirements (o the hand

ware and software components that sabsfy them. Figure 4 below
displays the addational metamodel fragment needed o interface the



tw DSMLs. [nthas figure, Regqueremeni ongmates from one meia
msosddel while HardwareComponent and SoftwareComponent org
mnate from a second metamodel. The mierface between the rwo
metamodels when composed consists of a new inodel view, Trace
Maodel, which can contan references o Beguerements, Softwans
Components, and HardwareComponenis. A new type of connec
ta, RequrrementTrace, 15 also defined o relate the reguirements
ko the commponents that satisfy dweim.
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Figure 4. Metamodel lnterfacing

2.3 Class Refinement

Class refinement may be wilized when one DSML captures m de
Ll & el concepd that exists oaly o a “black box™ m a secomd
DEML. This teclmsgue % emploved similarly o metamodel mter
facmyg, bul the relatwnszhip between the tao composed modeling
languages 15 grven by the leererchical contanment of te constructs
of ome meetamodel within a smgle constroct of another imetanwdel.

For example, consader a simple DSML for modelumg the opologes
of electmnme components of awtomobiles as demcted 1 Fgae 5.
Eventually, the detals or behaviors of the compooeats imay need
i be elaborated, 5o it nmay become necessary (o further refine the
Component langusags constroch. Suppose we wanl b view e ke
meobabe mwxdie] 2% a system of concurent comimamcating finrle stale
machimes. In that case, we would peed (o refine the Component
mvosile] usme the consiructs from the FSM metamode] shown m Frg
are . The compositien of the two metamodels = shown ia Frgane
1.
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Figure 5. Autonsebile checlronic component metammdel
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Figure 6. FSM aweGanwsdel for capluring compoment behayior
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Figure 7. Automobile checlrmic component refineawent

3 Template Instantiation: A New Metamodel
Composition Method

Template Instantiation 1= a pew metamaodel composilnn fechnigue
we propose o overcome a linitation of the preveous]y-descussed
pechmigues. s miended o support the multiple reuse of commaon
metamodeling pailerns or siyles m a angle composile metamodel.
In Template lnstantsation, we record comimon metamodeling pat

berms as absiract metamodel emplates, then mstanbiate (replcate
and coscretze) those templaies i doman-specific metamaodels.
O previous expernience wath the defimitson of modehng languapges

has resabled in the discovery of a number of comawnly-oocurmng
metamodeling patiems. Thes candidate metamodeling lemplates

enclude (bat cortainly are ool limted wo):

o Comaposition hierarchees of composite and atosmic obpects

o Maodular iverconnection, in which composate obpects are as
sociabed throwgh exposed ports (2 gpecific incarnation of this
paattern would be component- ssd modebling)

w StateClarts-style mdeling

= Data Flow graphs

w The proxy metamodehng patiern, in which a referesce type
i defised for an class with dee same ativbotes, composiixon
rodes, and asoocivipons as the class iself

Each of the above patterns repeatedly occur i new DEML spec
ficatons, and soime may polenbeally be used multiphe tmes in the
same metamodel, so they are good candidates for metamodelmg
emplabes.

The previowsdy-discussed metamode] composition lechmigues are
mil suited oward the maltiple rease of metanodel fragments wathin
the same composiie metanwsdel. To demonsirate thas lmitaiwn, we
can coasider a sample example: usoeg Metamodel Merge W incor

pearate heerarchy into the metaimodel hown in Frgare B, This meta

mode] captures a Data Flow language where the intermal behavior
of the Data Flow Actors is caplured using FSMs. Mow, suppose
we wianl o be able W define hierarchscal Actors that contam whale
Data Flow graphs, amd we want the FSMs n this language o be
hierarchocal as well. 'We will aflempt to do dus by mengme m the
absiract Hierarchy metamodel depicted in Fogure 9. The composa

b wsing Metanmwodel Merge (mhentance, in this case) 15 shown in
Fugure 100

Unfortunately, in the metamode] resaliing from the merge the coin
picsation has had am aodesined sule-effect: aceonding 1o Figare 10,
F5M States can contan Data Flow Actors! e fact, any tme Meta
eodied Merge 15 used wo merge mthe same metamode] m mulople



