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Abatract

This paper preacnta & anftware technigue which ia wae-
ful for buiding the menitering, amoulation, HGaemeas
and erontenl anfteare for ermaplear ayateraa 11k the one
frund m serraphes ayateras. The technigjue 4 bhaaed on
the eyvtendve wae of modela, which inelude deedptiom
of the equipraent sa well fa the asftesne «oofigeation
itaslf The ayaters haa bheen aweceaafully vaed in wari-
cud practicnl applicstioma, and it ia heing evahiated by
varirm aited.

Intrescduetion

The develrpoent of comapley awtereation ayatersm
like the one in aerapacee graterm 1o s foemidable taak.
People Iroplereentine thew gratersm rouat have traming
hioth o the rwetheda of the dorvalin enemecAnge, &a well
a4 1o anftware enEineering. The two fieHa are wet acpa-
rahle heeawas alrwat all of the neeniteAne and eonteel
ayateras are now aomaputer-based which reama “Traple
mented In aoftware”™.

We arrue that thewe anfiwan graterm canmet and
ahruld net he develped independently of ench ofher
If they are airoply heeawae of interfasing problerad an-
htirma are preme teo seriowa problerm. On the other
hand | hoth fielda ie the domosin-copmesAnge and the
anft ware e iR ering ate larme enough on their owm,
that we cannet expect o & perasn proficient o one
oof thery te graap the other

In thin paper we propeas & techmoler, ealled the
Multigraph Amhitecture {MGA), which prevrde maya
frr huilding arraplew, hardwareelrae anftwane graberm
in aueh & roanmeer, that deraainenrinesrs are csapable of
building errapley appliceatiom on their eem. It ia heaed
o our Tulti-yesr wasnreh effnrt in oacdel-baaed pre-
grararaitg methesda and enrirnraenta. The teeh weleor

*Dr H. Franks o ooreently with THY] TT. Watann Heacanch
Conker

has been uaeful in many of cur eaeareh prejects %58
, 88 well aa in varioua practical, eal-life applications 2

Baskerrumda

When complex, meal-tine acftware ayaterns are de-
veloped wing the traditicnal methods of aoftesre en-
gineering, skilled aofl war engimecrs are given apecifi-
catioma of the "pregran™ . Then theas requireracnts are
tumed into dealpoa, the desirm impleraented, teated,
and then inteprated with the hardware. The probler
with thia appreseh ia that asfiware o oeeatly develeped
completely independently of the hardwane and oaere
than coee, they are mot up to date, lesding to paob-
lerng at graters Intepration toe, or, cven st rum-time.
Many of the dealen apeefieationg and deaien deciaiom
related to the hardwamr do net find their waya intothe
arftware deaien. The actusl hardware, the “plant™, s
maere o leas independent of the anftware, and the anft-
ware haa very few knewled e of it

There 18 & anftwar methedolegy which ia aitable
to help in thia dtustion: it 1o called maedel-baaed
propramoaing. In many of our reacsreh projecta we
have aueceaafully waed, apd themw are other referenees
in the Otermture indesating the viabiliy of the ap
prosch, The central des of medel-based presramn-
ming B the wae of variua owedels I the aofiware
developroent., As oppeasd to the tradifiomal analyr-
ala/deain fimplementation aequence, in medel-based
programmny g we atart with moedels, and end up with an
executable ayatern, which waa ereated fors the oed-
el wing & procea called owede]l mierpretation. The
comeptual Bow of me-del- baaed presrare develon oo nt
ia ahewn om Fig 1.

The rwrdels are variua, very high-level deasriptiom
of the ayatera. Here the terma “ayatera™ imeludes the
"plant™ sa well ad the anftware. Thia Incluaicom, &a it
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Figure 1! Mreelel-baasd Programa Developroent

turna out ia & very crueial ome: this B waed for coaur-
ine the conalatene y betwesn that harbware and and da
saareiated asftware. Onee medels are crented and en-
tered inte & databeas fpieally by domain emrinesrs,
they can be augmoented to Implerent variom anftware
ermponenta. Thia latter preseas happens slans threugh
the wae of maodela.

1When maeede]l gpecifieation ia findahed, the meat of the
ayatera generation can be made auflciently auwtorostie:
& meedel interpreter traveras the medel databaae ere-
atea and exeewtable grateray fery pre-fabAested anft-
ware phjecta hy properly eonfieurine thers Into an e
herent whele.

Obicualy, the capabllitiea of & mcdel-based aya-
tern are determoimed by the richmes of the oedeling
ermeepta Avalable in the ayaters, e  provided sa
datahsas aeherants and underatees] by the interpretera.
In the aectirma helow we deseribe the owedelng eon-
cepta what we frund auitable for eomoples auteraation
ayateras then dinewas the maredel databaae oresnientieom,
the marrde] edfiting techniques, the methed of medel in-
terpretation and finally the run-time auppert.

Medeling ~oneepta

Enrinecring ayaterna always accorapliah & practical
maimion, therefore there are alwaya functioraii en what
they have to previde. When maedeling the plant (e
the envirenment of the automation aoftware), we &a-
aurae thiat thewe imetionalitien ame clearly defined, and

we are capable of oeedeling themn In & atructured weyr
In additiom to fumetiomafities, the plant B runnDe oo
aorae hardware, which aheould alan be maedelled. One
maight sy, that for fumetionalities we e el the requine-
maenta, for the hardware we medel the actual phyaical
realization. The thitd categery of maedela aleuld deal
with the acfiware: the modeling conepta here aleuld
deal with the fuptirmalities expected forme the andt-
ware. In our ayatera we uae the following termamelomy:
fumetional mardels are called process mcodeis, hardware
maedels are called epuipme st modeds, and ansftwane moed-
el are called ach vty modeda,

Mrdeling comeepta n thetaaslven are ot awitahle for
bulldmge aomaplex ayaterna: macedlel organizstion tech-
nirpes are alo needed for andling complexdty. In the
MGA ther are & et of crpanEations] paradismm aup-
perted, including:

& part-whele hiersmrehy

o Dnultiple-sapest maeckeline,

W ered-refereness areng medela
w oIl Eirnalieed meedel

The part-whole paradigre aupperta the hierarehicsl de-
compeaition of ayateraa: all the baak maeedel cateperien
guppert it.  Multipk-sapect medelng 2 s a tech-
nire which aupporta comaplexity sanaeeraent by let-
ting the wer ok at macedels only Gom & certan aapect
at & timee. The infremation presented to the waer ia
thua reduced.  Aspecta ar mwot independent of each
other, and comiatency alweuld he mesinteined. reaa-
referemem anweng macedela can emaure conaidency he-
tween the plant mwedels aned activity mocelela if the
apecification of the plant changea, that will awtorast-
ieally propagate to the acfiware oweedela, Concditionsl-
ized maredela are capahle of deacribing macekels which are
dependent om the atate of & plant: esaentislly different
maceleln are waed in ofifferent, dincrete atatea.

Plant racedela, which include the presesa and equip-
maent madels previde & method for preasnating what ia
Emown abeart & particular plant. Procesa macedela are
uaed for medeling fumetiomalitiea in the plant. They
have the following aapecta: (1) atrwetural, {2) oda-
ewete ataten, {3) mathematieal {1) fault propagation,
and {3) procesa/equipment asarciation. In the siruce
tural aapest one can apecify the hierarehicsl decomope-
aitirn of & procea, {ie. how 3 ia built fom lewer-
level procesas), the relevant proces wariahle (guanti-
tiea, which determine the cverall atate of the proces),
the wlevant precma parsraeten (quantifies, which are
dedign-te comatanta), and proceds mteractions aneng
precesed through material, energy, awl inferraation
ferwa. In the digercte stofes aapect oe Al EnUTIET-
ate the major regiona of the date-apaes of the proosesa



{e.g. haled, running, awpended, ete), and the poaai-
bl trandtion amcone thema. In the mothematica ] aapect
one dencribe the procesa uang atandard matheraatieal
notationg, inehiding atateapace medels, alpehmai and
differential equatiom, and othera, The matheraatieal
macxkeln enaentially preaeribe mothem afical congsiraint
ameong the valwm of preees parameeters and preseas
variahles, The faud propagation sapect ia waed for owesd-
eling what dacrepanciea (faults) are expected in & pre-
cedd &0d hew theae prepagate in the plant {ie. how a
fault intrectuces other faulta). Note that the prpags-
tiom graph ia alas & hierarchieslly crpaniEed atroeture.
The procesd/equipment aaspcimfion aspect can he waed
for myeedeling what equiproent ia waed by & particular
procedn. I this agpect acphiaticated relatiomahips be-
tween the proceas and ita equipmoent can be deasribed,
ineluding relating preecaa faulia to equipraent failunes,
and the dynamically chanring saaienraent of preseaes
to equipraenta Equiproent maedels have far fower sa-
pecta: (1) aructural {2) dacrete atates, and {3) fault
ataten, ITm the sructural sapect aimilar inferoeation can
be myedeled abeut the equiproent sa v the caae of pre-
eegied hut equipment characteristies {equaticme, ete)
can alan be ineluded here, The discrote shode aapeet ia
airnilar to the one for prooss owedela, The fault sfafes
aapect can be uaed to medel equipmaent faulta (1e. com-
erete problemm with the hardware).

Hoftware 1o medelled in terms of achiviy medels,
Activifies are anything what the final meonitorieg, -
apnratics droulstion, aod contml aoftware deea 1We
frund it wvery plauaible to wae hierarchicslly organieed
bloek diaerams for activity moedela, with primitive and
eomapeumd aetivitiea, There i a predefined aet of prio-
tive activities, including algerithoaie setivities {onbrew-
tinea in & procedural language ], timer activitie {tim-
ing gemerater hleekn), aimuls tion activitie {ainulation
erjuatioma anlvera), operator interface activitied {oper-
ater aereena), ete. The activitis are crganied inte
bloek disgraras which alan demedhe the way activitie
are acheduled. Aa i will he preacnted belor | & owe
datafleme acheduler 1 waed sa run-tine auppeet.

Activities can be mdependent of plant medela, bt
typically they aleuld be beaed on inferraation aered
in the plant medela. Aetivity meedela awe typleally re-
imbed to plant macedels vias the wae of reference objects,
which are marntially pointen to ohjecta in plant Twnd-
gla. There varirua Hinda of referenee ohjecta, including:

% procesd parameter references for conmecting ansft-
ware paramaeterd to proces dealrn comatanta,

W precedd variable refenneen for eomnmeet ing anft ware
variablea to presseas quantitiea

W procedd e oficR refereRees Ior con firuring the aine-
ulatiom activities o e ejuatione defined in the
ermtext of presesa el

[ Model Category |

Aapecta

Procesd Moagkal Strwetural

Digerete Statea

st heraatieal

Fault Propagation

Frocess/ Fyuipment Asociation

Equipmaent Modsl | Strectural

Digerete Statea

Fault Statea

[ Activity Model || Structural

Tahle 1! Rredeling omecpta

w procesd fault eferences for elating comaputational
eventa {e.g. aoftware alarma) to anticipated pre-
eega die e paneim,

Mote that activity owdel are thua tiehtly coupled to
plant maredela: whenever & plant maede]l chamgea, the
related aetivity medela get changed sa well, Thia fen-
ture coaure the integrity of medela. Tahle 1 ahewa the
g or moedeling comepta and categorea

Mrede]l databaae

The medeling copepts of MGGA are aomplex eneugh
that & aophiatiested backeround atorage ayaters ia
needed, MGA medels are saentially objects which are
organized into eomplex netwerka There ane Ieny waya
frr atering owvdela, inelud e

1. Tee Liap text and & workatation's file ayatera. Thia
appresch ia drople at the fird aght, but guickly
breaka down if mwone asphiatiested featurea are
nesded {e.g. verdening, change propagatiom, ete)

2 Tee an ODDBMS. Thia maetheeda 1o moere fed-
ble but typieally requires & datahaas packaee. In
cur experience, thia ia the method to follow aa
ODDBMS are heoomning Iaohe &oDann o place

In MGA the ohjecta of different mwdel cateprrie are
atered in hierarchies, and i is praaihle to keve oaere
than cne rotpeinta in & hierarchy A collection of
marelels which are related to the same plant ia called
& pioject databeae The mecdels are dored sa perala-
tent ohjecta, and they arx acceadble throweh a Como-
mem Mrdel Interface {(TRT). The OMI ia part ofall the
teola and the run-time ayaters of MiGA | and providea
& unifrrry aeceda raechaniar.

Mredel efiting

The apecification of complex mwe-dela ia supperted by
& graphical macedel editeor. Becauae for osany macedela
the nwat natural way of expresion iathat of diagrarm,
we have wed & viawsl epreaentation fomealiare wher-
ever it waa auitahle. Mrdela are apecified in termoa



Figre 2: Typical editer windew

of ierma, eonmectiom, networks amwl other graphical
eomapomenta. There are certain componenta, however,
which are apecified textuwally: e, ejuatione have o he
typed in vang & certaim ayotax. It would e praaible te
maceke] eqjuatioma praphically, teo, but the osktheraati-
eal {textual)] fom aimply asema more natural.

The wrdela are huilt wing rraphicsl editing opera-
tivma, &g "™, “onmect™, “meve™ | ete. Browaera
are available for aclectme mwodels frorn the databsas
and mxany ioon-based cperationg for the editing preseaa
itaelf. The maecde]l huilder hia & direct-roanipulation in-
terfaes: the pieture la mot paracd &4 & viawsl lanewaee
chamres are pedomaed on the databeas sa chanpea are
made on the drawing, A typlesl editor window 18 ahesrn

on Fig 2.
Mredel interpretation

Omee the mexdel databhac B prepared | the medel in-
terpreter avmpoment take cver aned the executable aya-
tery I8 ereated. The macdel interpeeter B & commplex
prograny which traveraes the medel databsae (atarting
froma & apecified root], checkn all the modela aceeaed,
and creates rm-tine ohjecta forn thems, MNote that
macxkeln are “abaract™ apecificatiom, and the mwode]l in-
terpreter ia the aomapoment which "inatantistes” thern
inte run-tinae comapomenta.

Note that the wae of mocdel interpretation attempta
to combine the adwntagea of compilation and inter-
pretation. Conopilation, which i equiwlent to fully
autoraatis pregrarn generation, o very diffieult to do,
and oot very Bexible. Pure interpretation i very fexd-
bk, bt very inefilcient. Model interpretation takea the
middE rad: it amunees that & fAedible nm-time aya-
teray ia awailable which ia configpurahle o & wide range
of prohleraa.

M4 allrera the inelmion of wer-defined anftware
macefulen: the algerithroaie activities can contain aub-
outines written in an arbitrary procsdural laneuaee.

Any external librariea cam alas be Imked inteo the fimal
acftware, while MGA provides the mtegration faslity
frr theae via the aetivity medels It 1n even praaible te
accnn MGA racedels fems theas waerdefined aubmw-
timea.

The mmedel interpreter 18 reapemible for inatamtist-
ing and eonfiguring the run-tme objecta of the ayatera,
imeluding:

% the cversll run-fimae ayatemn for acheduling of the
activitiea {thia ia diaruased below),

% the ainulation rum-tioe ayaters, whih includes
varimm equation aolvera, ete.,

% the disgwatisa nm-time ayatera, which performos
renl-titae fault dagneatica oo the plant,

w the external interfaes rum-tine ayatera, whish in-
terfaee to the plant matruroentation,

% theopemtor interface run-timoe ayatern, which pre-
viden faellities for operator acecas and intersetion,

 menitoring and control run-tioe ayatera, which
imopleryent the elementary mondoring and aontaonl
fune tiemalitiea.

Al theae aub-gratenm are aonfigued hased oo the o
temta of the medel database.

The integrative nature of the owdel interpretation
maakes pragible to create very complex aonfiguzationa.
Fer examaple, it ia very ssay to ereate am aetivity net-
work which erllesta data from the plant, ruma & ainow-
lation in parallel with the plant te prediet the plant'a
fertherrame behavior, capturea alarrm forn the plant,
dispwaea faulta, and presides an on-lme operator In-
terfaee.

Eiun-time aipport

When the macedel interpreter createa the run-tinae ob-
jeeta, their configuration determines the fupetenalitea
prewvided by the ayatemn, i.e. how actuwally the maoni-
toring airaulatiom comtrel, and disgweatiea aetivitea are
performaed . The algredhom attached to the ohjecta are
imapleraented in auch & wayr that they are rewashle in
diferent configuzation. There B an obvicua need Ior
& nm-timae support gratern which makes prasible thia
dymarie «onfiguration.

Many MGA el are haded oo dagramos, and the
activiy macedels are slrarat entrely configured threugh
them. Theas hloek disgrarms can maturally be eomaid-
ered aa dofaflow diagrams, where the blocks demwote pre-
ceaaing nexdea, and the edges deseribe dataflewa. It i
alan watural that the blreka are acheduled for exeewtion,
whenever data 8 available om their Dot dateat reamas,
and presdwee data for further, dewnatrears procsainge.



Thia iropliea that the hlocka can be acheduled accerding
to the datafew prineiple.

Theae ohemvationg lead to the developowent of the
Multigraph Kermel {MGK), the nm-tine aipport of
the MGA L . Itis & runtime kernel, which imaplernenta
the auppeort for praph buildiog aod graph exeswtion. It
ia running om & Wide moge of architectures, imeluding
Pla, metworked workatatioma, ahared-oeerwery ooulti-
proceaanra, &nd diatribhuted-moeracry moultipeeo: sanm,

The medelng concepta of the activity medels are
naturally mapped into MGE computational grapha,
and the execution of these rapha ia acheduled by the
kernel pregrarn. Matuzally, there ia price tobe pald, be-
cauae ingead of direct fume ion calla between oaedules,
the MGE achecduler aheuld take care of the actihwtion.
Heowever, In our experience thia cverlesad woa alwaya
negligihle.

A detalled exanaple: Diagmeatica

Beal-time fault diagmeaties ia & coropoment in MIGA
of great impertance, Ita gesls 8 to capture slarmos
feoy the plant, and provide the operator with online
informaation reparding fault acures preseae and Saulty
ermponenta. In this aection we briefy describe e it
is uang the plant medela

In the faud propagaohion sapect of the procvas mededs
ome cal myeedel:

 what fimetional fEilure oeedes are anticepated in
each presem,

w how theae falilure meedes propaeste oo ome pro-
ceg o & Deighboring ome, and

# e theae failuze rardes propagate uithin He hi-
erarchy, . hew “leee—level™ failure rondea lesd to
higher level omed.

With each propagabion ome can amociate prohabilis-
tie and dymam ic inforoeation: the minitounn aod Dvax-
iy propagation tires, and propeeation probabilify,
A typiesl fallure propeesation sraph ia aewn in Fig 3.

In the fauit stotes sapect of the equipm ent models one
can maceke] the anticipnted fault atatea of eqpuiposenta,
and additirnal infremoation {e.g. aeverity, MTBE, ete ).
The tw macedel cateprories can be integrated inthe pro-
cedd, Equ ipmed aadoci ative sapect of the proceda meod-
ela: preeceda fallure macdes can be conmected through
cauasl Inka to equipraent fault adated, expresdne the
faet the functicnal fallure mede (e “level high™) ia
eauaed by the phyaieal fault atate &g, "atuek valwe™).

The abeare twe mwdela deasribe what 1a bnewn abewt
the plant. Im the activity medels one can configure the
diagrostica activity sa follewa, Procea fallure owodea
can be Enked to alarrm, which are active objecta In-
diratme the presemce of falure medea Theas alarroa

Tigure 3 Fallure propagation graph

comtitute the aemrory manifeatationa of preees fail-
ure maceden, Eqjuipmeent fault atates can be linked to
event ohjecta which get activated whenever the diage-
neatica ayatery ki pinpointed tlhe relevant equipoeent 'a
fault atate sa the acree of the failue [n & acmas
the diarneatiea aetivity worka sa jmat amcther activity
bleek: ita inputa are alarmos and e owtputs are eventa
whirh mndicate the failure acuree{a). Internally, the -
agneatiaayaen traveram the fault prophes tion graph
backwarda and ming the timing infrrocation ssared-
ated with alarmm, determines the prmary failure maede
of an alarmy aequencs 2 | This primary failure mede
in then projected onto equipraent hiersrehy, and the
relevent equiproent fault atate ia preacnted s disemea-
tiea reault. An operator aereen shewing the darmeatica
cutput can be acen om Fizx 4.

There are two chasrvationa to meke. {1) The fult
propaeation grapba can be waed mot only in backwarda
myanner, but alan in s forward manmer and can be waed
to predict impending failire mede in the fitux. {3)
Horeetiaes Bilure propaeation tioee paraoyeters sare net
comtanta, but variable seeording to the valwes of cer-
tainm varishlea {e.g. Sewwrates). 1We have implemented
thia fenture of dymamieslly chanring timng perane
tera: aetivity bleeks can be waed to dymeradesdly eom-
pute thews propeestion parametera,

Concluginma

Wehave preaented an itegrated ayateny for oweniter-
ing daraulation, dagneatica and control which B baaed
oo the Mulfigraph Arhitecture. It s & meesdel-haaed
ayatern: macxdela are waed to emceode Inowledge abewt
the plant, a8 well aa the acftware ayatern. A technigque
for autornsatic ayatern gemeration: maedel interpretation
in weed for pememting complex acftware graerm. We
have learmed that I ia & viahle appresch for gratern
buildme. The gratery haa been aweceafully waed in
varionm configuraticom aod applicatiome



Figure 1! Operator interface acreen
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