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ABSTRACT

Melamusleling Guilitales the rapul, inexpensive devebspmenl
o chmmauin-spealic: modeling luinguages (ML), However,
there are sLll chadbenges hisderiog Lhe wide-sacale indosleal
applicbion of model-basss] deagn. One of Chesse: unsolvesd
problems e e back of a prcbiosd, effeclave opethod for Lhe
formal specifiaton of DEML semantis. This probdem has
negalive mpact on reasabaliby of DEML-s and analysis Lools
in donsin speciic wol chains. To addres Chese ssoes, we
propose a formal well Roomded oeethasdobogy with supporling
tooks Lo amchor Lhe semantics of DEMLes W precsely delineesd
amd validated “sespante: unils™. In owr methodology, each
of Lhe: synlactic and seanants: DML components s delinesd
precisely suml completely. The meun costnbubion of our ap
prosch is Chal ik psoves Wweard an infrasbosctore foe DSML
chesign thal inlegrales fonmal methods wilth practocal enga
neering ok, In this paper we use o malhenatical osodel,
Absbraet Stale Mawhines o conemon sensmnbic framework Lo

thefine Lhe sermanin: domains of TSMLe-s.
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1. INTRODUCTION

Muoadel basasd design s model:, which are formesl, con
presalale anad manipulabile during U chesapn process: BH0). T
enocheling Languagoes: ane dowmin-specilic, olfecing desigmers
pnucheling concepls and polatians Uhal are Lathore] Lo disusac
Lerisbics of Ltheir applacation domaim. Dosmain-specilic mod
eling languages (DEML-s) represent Lhe strocbaral and be
bavaoral sspaacils of embeddded software aml systems. Ther
stanantics caplure concurrency, commmnunycalion alsbracbions,
Lemporal aum] other pliysical properbies.  For ecunple, a
DSML Mrunework (e a sl of melabed modeling aspects)
for embealdied sysbens mighl represeol physscal  proosssees
usng ordinary dilferential equatsons, signal procesing asing
dataflow models, decisson logic wing Goitestate mackines:,
and resowrce mausagemenl wang syonchronoos oasdels.

DEML-= are cosvenient Lools Ror the desagn and imple
menlation of embedde] sfbware amld systems (ESSs). A
well-pmsde DEML caplures the comwepis, melabionships, in
Legriby conslrainls, amd semanbics of Lhe applicalion donsin
and albows wens Lo program declaratively through modeed
comsbruction. [omain experls can esealy master a DEML,
simce e domain concepls wilth which they are alreudy
eniliar are woeporaled in Lhe mwodeling bnguage - Thee ap
pmsakinans of DEML-bewesd bools, such as Simalink fSeleow
|%], v melaprogramamabbe tood chiaims, swech as U Maoded
Integraled Computing (MIC) Lools [4], range from oo el
weal syslems (ep. ool phoms) oo osafely cribissl sysbems
(e, mweclical sysbems aml deive by-wire conbrolbers lor cirs).
Hepwerver, adoplion of DEMLes amd pwsdel bsasesd desagn biss
basemy shrwed chwn by Lhe Following concerns:

o The uee of DEML-= walh Gighlly mbegrated analysas
Lasal a-hicuines besmlds Lo Lhe accmmulaton of design assasls
as masdels delined ina DEML. Consegpaent]y, users run
high risk of being " hoked-in® o particolar tool deun.

o licvanplets: and informal speecilpsatoon of TISML-5 miskes
preciee: undersbanding of Lhar synlax amd semanles
difficult. While: a Lghtly mbegralesd ool chain seems
by reliewve gsers from the oeed of Dolly ondersstanding
Lhe syntax and semanbios of Lhe DSML-s, the cosl iy
b bughe the bwck off in-depth gndersdancding of created
eclels and amalysis oeethods may present the organs
waalion froan adopding mew modeling and mode] analy=as
ersed bl

w The Lak of forosdly specifes] semantices of DEML-s
and amalysis ook cremle major nsk i safely critical
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applicalions. Sepantic misanalch Bbebween design ol
els and modeling inguages of analyses ook may e
sull in ambiguily in safely analyss or meay prodoce
conllicting resulls across dilferent Laools.

Sorme of Lese concerns aove been allevialesd by Che apguear
ance of metamodeling hinguege=s |8 repreenting the ab
shriwcls synbax of DEML-=, el melaprogramemasbde bools 25|
Ll an b sudiagebend esanily and iexpensively Lo dilfecend dee
mains. Howewer, alsbrack syotax mebunodeling - althoagh
an e=penlial slep - does pol sodve Uhe probalem casss] by Che
Lsck ool prescisse sl explicil specilication of DEML sensn
b There has been moech eflort in Ghe research commumnily
b ddedine: seapandies of modeling bugoages by mesans of in
formmal malhemalical bext (see eg. Lhe specilcataon of Lhe
Hybrul Inlerchangs Intendhiange Fonmal, HSTF, [28]) or os
ing (vnpal mathematol notalions (e eg. the openlioml]
sensinbics speecilicaton for SGaleFlow o 200). In either cose
proecise specilicalion of semanles requines signilicant ool
whith inereseses e cosd of Lhe specaiication and adoglion
of DEML-= In achlition, practical apphocations of DEML-=
rexpuire Uwear evolulion as U users” understanding of Lhe
chommim dhusnges:.

I this paper we argue Lhal we can nswch s reliable, safe
amnd alfondabile techoodogy for orodel-bases] dh=agn by denel
oguimng, an infrastrctore foe servanble: anchorng of DEML-=
via compdeling U [ollowing apeadia-

1. Develdoganent of precise specilicalion for o sel of well
chefiame] “semantae umals" Chal caplare Uhe seomanbees of
bsac modek: of coanpulations inoa formal fraosework.

2. Develoganent of ousleling kinguage [rook-aw] for Lhe
seamanbic unils aml speciication of Lthar abesbnact syn
biax by wsing metanodeling.

3 Developanent of an mfrastructore for Lthe tnsforms
Lrsrial specilication of DEML semanlics by delining Lhe
mappng belween Lhe alsbrack syolax meGunsosdels of
DEML-= and that of the sensnbic anils

The progmeses] approsch bas direct relabionship o and bailds
ot Lhe following musdel- boswed design coaseepls:

1. In platboro-beees] design |29] the concepl of common
semnante domam plays eeeobal role momappiong, lom:
Liomaal mochels W anchitecbume plalfonns. A semantic
uml {or an integrabed groap of semante: anils) s
a common semanbic doman foe Chose DEML-s, whach
are ar-hwred Lo L

2. Abslruecl semaniies |6 represenls Cthe comumaen senen
bu: fenbures of Guntliess of pesdels of compulataon, aml
resliee models of compubalion Lhrough specialiastion
ol thus abwict semanlics. We deline seomaotic uanils
such Lhit Uwey can be concrebised inbo o Gamaly reliled
moslels of compalalions.

3. Mulliple-aspec! muodelimg [23] enabls Lhe managing of
coanphexily of DEML-s by composang, Lhean ol inter
redated aspecls. Seapantic anchoring = owasd o Lhe
transformabonal specilication of dilferent DEML as
[E T

The: primsary conbnbmution of Lhe paper = Uthe desonplion
of key steps of Uee senanbic aaschoring proces wsing [nate

skale aubomala musdeling as an example. We ose o Uhe
process exisbing MIC loads: U Generie Model Environ
menlt ({GME) 4] e metanmusdeling, the Graph Rewntiong
and Transfrmation (GReAT) Lol 2] G osodel Cransfor
maliwm, Lthe Abstracl Stale Machine=s (ASM) [11, 18], as a
coirunsn semanli: franmework W defione U semmantic doosiin
of DEML=, amd Asinl. [1] - & high-level executalbde specili
cation Language based on the concepds of ASM.

The vrganizmtion of Lhe paper procesk as ollows: Sec
Licm 2 de=aribes our methodology Lo support. Lhe TSML de
sipn proci=s. The concepl of Senanbic anils and seomanti
anchoring are delimd o Section 3. In Seclion 4, we e
a sunple DEML capluring U fmile state machine donsin
From Plolemy [6] o acise stady bo desnonsdnate key sbeps in
Lhe sernanbie anchaoring process. Oor concusaons amd fulare
wirk apgpesar in Sevction 5.

2. BACKGROUND: DSML SPECIFICATION

Formally, a DEML = a bve Luple of conorele synlax (07,
abstrit synkax (A), sananlic donsain (5) aml semantic ad
synbacii: mappings (Mg, and M)

L={C A 5 Mz, Mc}

The comwerete synboe O defines Uwe specilic nobalion asesd o
express muslels, which may be grophical, Gexbeal or misedd.
The abstract syotiax A delines Lhe concepils, relsbionshipes,
and mbegrily constranls avalable i the hinguage. T s
pmanki domain 5 s owsually delined o sane forosal e
work in Leros of which Lhe meaning of Lthe models = oex
platnes].  The syolactic mapping Mg - O — A mapping
assigns synlactic comsbrocls (grapghseal, texboal or bolh) Lo
Lhe elemmenis of Che abednact syotax. The semanbic mappiong
Mg - A — 5 semanlic mapping relabes synlaciie conoepls
Las Lhiose ool Lhe sesmantse doomiain.

The Lagneees Chal are used for defining compoasents of
DSML-5 are calbxl metlalonguages and Lhe forosl spesclica
L of DSML-s are called metlamodels. The specilasation
ol the abstrincl synlax of DEML-s reguires a oeela-Languag:
Lhat can express comnmepls, relatonships, and ipntegrily oon
sbramnls. The speciliatnon of U semamlac domain and s
pmanky: mapgng s oo coanplicalesd) becaeae oodels might
hawe dilfereol interesting interpretabions; Ueereforne DEML-5
mghl have several semantoc dommains amd semantic map
pangs semociabed wilth e, For ecample, Uwe structuad
sernaniies of & modeling hnguage describes Lhe opeaning of
Lhe musdels in terins of Lhe strocbure of owdel insdances:
all of the puezable sels of components aml Cheir relalion
shipes, which are consistent walh Che well-formedoes rubes s
defined by the absbract synlax. Acoondingly, Lhe semantic
doanin for sbnectural seonmnbics s delinesd by s sel-vofwed
semnaniies. The belovaoral semanties may describe Uwe oo
hution o Lhe stale of Che modelsd artiGut along soome Lime:
mochel. Hemwee, Lhe bebavioral sesmantass is fonmally captored
by a mathemsbical framework represenbing e agproprile
Farmm of dypammics. (TL s inberesiing o nobe Chal sanee DEML
s specily strocbaral am] beboovioral imvariants, whsch will b
silisfien] by all donsin-speecil: moadels {DEMs), e conoepl
of DSML - or more accuralely s melaossdel - s eguivalent
s Lhe conoepl of dosmain archibecbare. )

The But theal DEML-5 mevy haove several semantie domisins
wimlerhines Lhe dilferemos belween delimng semantns (o
progriacmmung Lageages amd for DEML-s. Sull, approach
ing Lhe maps in the conceplsal frunework of “languages"
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il of Lhe comnceploal Gamessork “donsain archilestons"
haws Lhe sslvianbapge of drawing froan the rech Lheorelical sumd
engieering background of Lingmge design sl speeciliss
Lman.

3. SEMANTIC ANCHORING

Our apprswch W the constrpcbion of an nfrastrscbore for
sepsnbic anchoring of DEML-= s bases] on the following ol
seryiak e

1. DEML-s are opgorbumistically created soooeding Lo Lhe
necsk of donsine.

2. There i oo well-defined, Goite sel of Models of Compn
Ll ([ MoCs) |29 which desseribe couniesl il
Lian pellerns sumong ploysical amd compuobstionasl com
proanenls of canbaeclded systems. These MoCs can be de
el by o sel ol - Ly = {05, Ad, S, M, Mo} of min
wmal binguages:, where Lhe inbuilive oeeaning of " mim
maliby™ s U sammplest modeling bingusggee mecpuired Lo
cheserabie i sedew-bed Gypee of behoavior.

Sewantsi: anchwring of an arbitrary L = {C, A 5, Mg, M}
musleling angeage: W an L, = {7, A, 5, Ma, M} masdel
of compulalion mwsans specilying the My 0 A — A nap
ping. The Mg : A — 5 semaobie mapping of Lo delinesd
by Lhe Mg = Mg, o M4 comnposibion, which oesans Ueal Lhe
seneinbics of L= anchoresl Lo the S seamanlice dhsmiain of Lhe
Lo musede] of connpuotaton.

Tor chewedogs an infrastroctore for semantic anchonng re
epeires Lhe completion of Che ledbowing Lasks:

1. Sebection of Rormal framework(s) for Lhe malhemala
cally presces: speciliabion of the ingredienis of e ko
guagges (abstrach syolax el ).

2, Sebection of U canonm: MoC-= aml Lheir specilicalions
i Uwe formmad frasmeworks.

3. Develoganent of mebthods amd Lools for specilying nsup
ping Betwoeen modeling, anguages.

Figure 1 shows our experinental too] arcduolectore thal
supgrorks Lhe semaote: awchornmg of DEML-s.  The GME
boed sanl 15 amed Lo deline Che abstrm-d syolax, A, for a L =
I ALS, Mg, M} DEML umimg UML Class Dagranes aumld
OCL as metalanguage [9]. The L, = {C,, A, 5, Mg, M-, }
Mol = defines] = an Asinl specifpsation. In onder Lo em
phissize the central rode off Chese fully specilied modeling b
guage= capluring leodaoental MoC-=, we wall oall Chen s
mantic unils. In this paper we specily Lheir operabiomsl
sepsnbics: Lhe seanaotic unil s delined i benmns of (&) an
Asml. Absirt Diata Model [whach ocormesgsonds fo U A,
abelnacl syplax speecilbsation of Lhe modeling Lbanguage: diefin
ing Lhe semambic unil in the Asnll framework)), (b)) the 55,
sepsnbic domeun (which s noplicitly defined by Lbe ASM
matherraatical Irammework ), aned (o) U Mg, seonanbne nep
primge, defines] as a0 mochd interpreler wrllen in Azl

The M4 : A — A, semanbic amboring of L o L s
chefinesl an o model Lransformaston wsing the GReAT Lol
suibe, “The alelbrack synbax A and Ay are expressesd s mets
mesbeds.  Conmection between Lhe GME-based  metamodel
ing envirommnent amd the Asml eoviooment s poovided by
a synlax cmversion. Since Lhe GHeAT ol suil genesates
a mumlel Lranslator from the melalevel speciiication of Lhe

pnochel Cransformabion, any domain oesdel wrilten o Uhe
DSML an be directly Lruslated mlo Asml and can be
simmilales] wsing Lhe Asanll samulabor. To the followings, we
give debailed explanabion aboul oor oethodobsy and U
erwialvesd Lools.

3.1 Abstract Syntax Modeling

The Geowri: Mosdeling Enviromment (GME) 4, 25)] = a
mela-progrunnabbe ood Lhial suppaoris Lhe OMG foar-layer
mclamoedeling archibeclure. GME allows asers both Lo de
sign and Lo owsdel wills dossun-spascilic modeling environ
mrents. The GME mesdeding eovirooments may be cresesd by
usng GME ilsell through o proces of oeebanodeling. The:
GME melamodel is baees] on TTML class disgrooe: |8 ad

3.2 Specification of Semantic Units

Semuwlic anclhwring recquires Uhe specilcation of seiman
Lic: unils in a foroeal (oesework wsing o formal Lo
which nol only precise bul also moomipalable.  The formal
framework moash be general eocugh Lo represenl all Chres:
cianpoaeents of Lhe Mg : A — 5 spealcabion; Uwe abstnuct
syobax, A, with set-valued semanlns, the 5 seoanbin: o
pain Lo represent Uhe dyoanie belsovior annd Che mapping
ba:bwesen Lhemn. Esaumpless for puezalale formeal [mameworks e

Lhe fallowing:

o TLAY i o formal specificalion langusge develoged by
Livnpsorl, which is beases) oo Uee Tempaoral Logic of Ac
Lo |[24). TLA was deagnesd Lo spealy a wide olas
of sysbems, ranging [rom disorele o bylbrid  dy e
. Becmse of this generalilty and bewcase TLAY i
i cennplete Lugnuage wilh o precise syobae aml [orimal
seananbis, ik oo good camdidate for our porpoese.

o The tagged sigoal pwdel [27] developed by Lee and
Sangivwanoi- Vincenbelli represents belovioral poopeer
Lie= ol concurrent systems usang sel-valued semmanlios.
It clarifies, for example, the relalionship between Che
synchronous ousdels of compubstion usesd insyochronous
Lunppages and asyochromosus models such as prooss
nelworks and daballow. T bos been applied  boooon
sl a rmal seosnobics for discreleevenl systbeans

o Remcltive Modules are a formal model develogees]l by
Alur and Hessinger | 1] for concurrent sysbeos. The
encscled i abde Lo repeesenl sy ochronows aml asyochromoss
conponent nbecwctions inoa anilesd fraoweework and
supporis counposibional verification.

o Absbracl Stabe Machine (ASM), foromerly callesd Evoly
ing Algebras [18], 5 a general, Dexibde and exoecuballe
miccleling structune wilh well-defops] senantics. Gen
eral forms of behavioral semmanbns can e encoded as
(anel simulated by] an absbowd stale oswhine [11].
ASM s able Lo cover o wide vanely of domains:  se
quential, parallel, aml debribobed systems, absiacl
Ligmtr sarm] resal-Lioee sysbeos, amd hnite- amd ik
slatle doemaing.  ASM has been soceesfully el o
specaly Ll seosenbics of nuemerous buguages, soch as C
(19, Jawa |13, SDIL | 16)] and VHDL [12]. In peurisoular,
Lhe Interpational Tebaoonmunicalion Uneon adopled
an ASM-buwes] formal semanbics definibion of S as
paart of SDL language defimtuon |7].



