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Abstract

The constructionand analysis of Multiple Input Multiple Output
(MIMO) subnetsis discussed.lIt is shownthat Hierarchical Time-
ExtendedPetri Nets(H-EPNs)allow the developmenbf structured

MIMO subnetghroughtheuseof bottom-upPetri Netsynthesisech-
niques. The paperanalyzesPetri Net extensionghat allow a truly

hybrid approachto Petri Netbasedsystemsnodeling,analysisand

developmentThecasestudyemphasizetheadvantageof the activa-
tor arc extensiorin studyingissuessuchasstaticpriority scheduling,
dynamicfailure recognition,and reschedulingn manufacturingsys-
tems. The SPNPpackage,suitably modifiedto handlethe H-EPN

extensionsijs usedto analyzethe propertiesof the derivedH-EPN

model.

1. Introduction

In this paper,a classof PNs, called Hierarchical Time-
ExtendedPetriNets(H-EPNs)areusedto deriveandanalyze
Multiple Input Multiple Output(MIMO) systemmodels.Re-
searchon PN extensiongo systemamodeling/ analysishave
focusedon the use of SISO subnetstructuresbecausehey

are easyto developand analyze. More on theseapproaches

may be foundin [2, 5] and referencegherein. However,PN
modelsof most real world systemstendto be MIMO nets.
The H-EPN approachto PN modeling addresseghis issue
by adding the notion of activator arcs and modeling inde-
pendentsubnetinitiations (separatelydefinedsubnetsaswell
asindependensubnetswithin a MIMO subnet)by meansof
conjugateplaces.Activator arcshave beenderivedfrom us-
ing ExtendedPetri Nets(EPNs)in the modelingand analysis
of materialshandling systems][3].

This paperprovidesan extensiorthatwill allow the con-
structionandanalysisof MIMO nets. This PN extensionwill
alsofacilitatethe modelingandanalysisof two differentkinds
of failure situations: (i) Staticfailure situations Theseare
failure situationsthat are known or can be decidedprior to
schedulingcritical activities, (i) Dynamicfailure situations:
Theseare failure situationsthat occur during certaincritical
systemoperationgthat requirethe use of redundantstandby
resourcesand / or mechanisms.Almost all PN relatedre-
searchand modeling techniqueshave neglectedthe impor-
tanceof capturingsuchdynamicfailure situations. Recently
in [6], a PN extensioncalled AugmentedTimed Petri Nets
(ATPNSs)is presentedo handle such dynamic failure situa-
tions. However,the activatorarc extensionto model MIMO
nets as proposedin this paperis syntactically simpler and
semanticallyeasierto understand.

The paperis organizedasfollows: Sectiontwo provides
an overview of H-EPN basics. More on H-EPNs may be
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found in [4]. Sectionthreedealswith the developmentnd
analysisof MIMO nets, and some of their structural and
timing properties. Sectionfour presentsa small exampleto
illustratetheapproachdevelopedn sectionthree. TheH-EPN
modelderivedfor the examplealsoillustratesthe advantages
gainedin usingactivatorarcsto modeland analyzedynamic
failure situations,priority schedulingand self-monitoringof
input job queues.Sectionfive concludesthe paper.

2. H-EPNs

H-EPNsinclude: (i) five differenttypesof placeq(status,
action, decision,subnetand the source-sinkplaces),(ii) two
differenttypesof transitions(internally and externallydriven
transitions),(iii) two differenttypesof unweightedarcs(in-
hibitor and activator arcs), and, (iv) two different types of
tokens(control andflow tokensrepresenteassolid anddot-

ted tokens, respectively).
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Figure 1. Placesin an H-EPN

The graphicalrepresentatiorof the placesand arcsin
a H-EPN designis shownin Figure 1a. The structurefor
the ss place implicitly adheresto the property that every
sourceplacehasa correspondingink placein thenet,thereby
allowing for token conservation.All flow tokensthat enter
the systemmustexit the system.This factoris importantfor
ensuringthe property of systemboundednessAs with the
classicalPN theoryall transitionsthat havetheir input places
markedare consideredenabledand are potentially fireable.
But since H-EPNs are proposedas tools that integratewith
actualreal-world systemsfor real-time control, the enabling
of transitionsis a two-step processas defined below: (i)
Place Enabling: Placeenablingof transitionsis similar to
the classicalPN approach. This meansthat if all the input
placesto a H-EPN transition are appropriatelymarkedthen
the transition is consideredplace enabled,and, (i) Event



Enabling: Eventenablingis an extensionof H-EPNsto deal
with discrete event dynamic systems(DEDS), where state
changesare primarily derivedby the occurrenceof internal
or externalevents.Theoccurrencef theseeventds signified
by the enabletime. Therefore only whena transitionis both
place and eventenabledit is consideredto be enabled. In
the H-EPN systemmodel, an enabledtransitionimplies that
eventsassociatedvith the transition are expectedto occur
within the specifiedtime limits. Thus, all transitionsin the
H-EPN model may be representeds:

{<< Pin >, < Pg, Pr >, < Y(Ein) >>; "
<< @(Pin) > m, < w(Pyi) >>; << Pout >, < E(Fout) >>}
where,Pj, and P, are setsof input and outputplacesto the
transition, t;, respectivelyF;, and Eq; are setsof input and
output eventsassociatedwith the transition, t;, respectively,
Pi ¢ is a subsetof the input places,Pj,, to the transition, t;,
thatare associatedvith somesystenoperationsabstractedy
eitheractionor subnetplacesin a H-EPN systenmmodel,t(p;)
= ri, the time associatedwith placep, € Pj,, v is a guad
functionthatis trueif all associatetkventsg € E;,, are true,
w is a watchdogdfunctionthat monitorsthe critical operations
representedby the setP, ,, and thus ensues correct system
operations,¢ is a random function that choosessometime
value r from a givensetof values,to be associatedvith the
transitiont; suchthat 7imin £ 7 < Timax WheR Timin and 7max
are the minimumand maximumtimes associatedvith some
input placesp;, p; € Pin, mis the transition multiplicity, &
is an output function which initiates someeventprocessing
thereby leading to an eventgenerationor assignsvaluesto
appropriate eventdf theyare B, | or AtypeeventsPqg andPr
are the set of placesthat inhibit and activatethe transition,
tj, respectively.

Importantsystempropertiedor theH-EPNmodelarean-
alyzedusingalreadyavailablePN simulationtoolslike SPNP
[1]. However,to use suchtools, the H-EPN systemmodel
mustfirst be transformednto a systemmodelthat doesnot
contain activator arcs. This transformationessentiallypro-
ducesatleastoneextraplaceandarcfor everyactivatorarcin
the H-EPN systemmodel. Moreover,thesetools also do not
allow the incorporationof eventsin the systemmodel. How-
ever, this drawbackis easily offset by modelingthe system
with additional placesthat representhe generationof these
events. For example,the error eventthat triggersthe error
operationsin the examplediscussedn sectionfour (Figure
8b), is modeledby meansof additionalplaces.However,to
be usedin real-timecontrol, the transitions(tR1e,and tR1r)
that model thesefailures are associatedvith real-time sen-
sory eventsand are not driven by just the input places. The
H-EPN extensiorto transitions placeandeventenabling,ad-
dressexactly this characteristiof real-timesystems.

3. MIMO Net Development and Analysis

H-EPN MIMO subnetsare defined by meansof a
bottom-upapproachto PN model generationsimilar to var-
ious other reportedmethods[2, 5]. Independentlydefined
SISO subnetsare combinedthroughcommonplaces,transi-
tions and arcsto define an interactingor a MIMO subnet.
Sucha MIMO subnetis then transformedto a correspond-
ing SISO subnetfor easyintegrationas a SISO net into a
top-down decompositiorof the overall systemmodel. The

advantagef this approactis thatpreviouslyestablishednal-
ysis techniquescan be easily adaptedto be usedwithin this
framework. Moreover,highly complexPN structuresnmay be
easily generatedhy meansof this approach.
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Figure 2. SISO/MIMO PN Examples

3.1. MIMO Net Generation

In H-EPNs,MIMO subnetsare createddueto operation
abstractionwith respectto the resourceaused. This implies
thatif two or moreoperationsare performedusinga resource
(or a setof resources}hen suchoperationsare abstractecht
a higherlevel of modelingdetail asa single contextsensitive
MIMO net. The contextsensitivityis achievedby the notion
of conjugateplace. This meansthat different instantiations
of the sameMIMO subnetcorrespondingo the respective
SISOsubnetsonstitutingthe MIMO subnetarepossible.In-
formationregardinga particularinstantiationis maintainedy
meansof the conjugateplaceat the higherlevel net. Figure
2b illustratesa simple MIMO subnetgeneratedoy a shared
resourceplace,p;. Figure2c showsa more complexMIMO
subnetgeneratedby sharedplaces,p, and pg, wherep;, is a
sharedresourceand p; sequenceshe operationsof the two
SISO subnetsof the MIMO subnet. It is to be noted that
when sucha MIMO subnetplaceis usedat a higher level
of abstractionthe two individual SISO nets are not essen-
tially activatedsimultaneously.They may occurin sequence
but other operationgepresentedt the higherlevel net or by
otherMIMO netsmay be inter-spacedetweenthesetwo op-
erations.Moreover,whenthey are not initiated alternatively
by a higherlevel net, deadlockmay occur. Although provid-
ing greatemodelingflexibility, this approactto PN modeling
necessitategreatercarewhile designinghigherlevel netsand



correspondindower level MIMO subnets.lt is to be noted N Overallnetsubnet at a level
that when we talk about subnetlivenesswe actually refer " n : ‘ PRIttt
to the quasi-livenesof subnets.In the following, essential | f—’ e eastarad with e Shanag 9 © cferent
definitions for subsequentlevelopmentsn this sectionare : « resource(s)prl-pik
provided. §
Definition 1: Well FormedSubne{WFS):A well formed  »
subnetis a SISO marked graph that is bounded,live and ! Xe b
reversible. The netin Figure2ais a WFS. 1 )
Definition 2: Successofo(t)): A transitiont; is saidto wides
be a successoof atransitiont;, o(t;), if thereexistsa place, e
Pk, or a setof places,px .... pk+r, suchthat:

(ti)e = px = o(tiq1)

(Litr)® = Pryr = o(t;) Figure ()
Thus, tip1 = o(t;)and tip, = o7 (1), ). y
where the x indicates that the distance is greater than a unit, % A N
= \ N
g A} “>
that is, the transitions are not immediate é i x x:/ e
21
succesors but are probable distant successors. % i
. . . * e -
Note: Observethatif a netis reversiblethens” () = t; and Subnet detas, Order ofiiaion
U*(tj) = ti. Figure (b)

Definition 3: Well DefinedBlock (WDB): A WDB is a
SISOsubneplace,ps/ suchthatif assplacepss is introduced
guchihat equationt2) i e, then he combinednet e Definion 7 SubneRctvaionTime("040): "t (<)
Figure 2ais a exampléof a WDB. " representghe i th instanceof activationof a subnetX, in

net N.

Definition 8: QR Set: A transition, t;, is said to be
, associateavith a QR set, if thereexista setof disjoint places
and last places of the subnet place py, ®- Py and Pk suchthat Pq is the setof placeswhich inhibit t;
$(po) =ty = (pi.) @ and (pp)e = t. = o(p},) and P is the setof placeswhich activatet;.
Definition 9: Delgenden'and Independent¥WDBs: Sup-

Definition 4: Interacting Subnet(lS): An interacting Rﬂﬁﬁﬂe(ghiheb%)gf)t(g-WOP:n)é?NXB and Xc belongingto a
mo .

subnetis madeof two or moreWDB's ps/ 1 < j < n;n > Then, X is anindependentWDB andXa, Xg aredependent
2; n being the numberof WDB’s sharingthe sameset of WDBs if:
resources, . o ¥p; E Xa ps E XB. v E X
Definition 5: MIMO Subnet:If theindividual WDBs of 7 ?* AP B Pk ¢
an interactingsubnetof two or moreWDB'’s canbeordered x, n x, = X n Xg =P,;, 1<i<s, s <k, and
suchthat: (iE'J equation(3) is satidied, and, (ii) the combined - -
netis live, boundedand reversible,thenit is calleda well Xa N Xz = Prj, 1 <j <k, and 3(pm) € Prj:
formedMIMO subnet.In suchanordering,a setof ssplaces X X Pwh OF
ped 1 < i< n;n > 2 areintroducedto form acombinednet * #m) € Xa: (m)0 € Xo. () & Pri, where,
with the interactingsubnet. Figures2b and 2c areexamples s : # resources shared by the WDBs,
of well formed MIMO subnets.

Figure 3. MIMO Net structure

Let ps and py be the first

k: Total # places shared by the WD Bs.

Let psj and py; be the first That is, X¢ is not affected by any sharedplacesif all the

sharedresourcesare availablefor its initiation, whereasXa

. ) and Xg are sequencedy a sharedplace.

Vo) =t = (on) 0 and e = te = 0(61), Thefollowing are thenobservedrom the abovedefini-

..... @). tionsregardingthe resourcep; € P, 1 <i < s,andpp:

e (pe) = t;; = (pis) o and(ps;)e = to = ,(p) *  prisusedin theoperationsof Net N outsideof X if Xa,
Xg are temporally spacedin N.

----- . Pm is usedin the communicatiorbetweenX,, Xg when

8 (Pen) = tyn = (p7) 8 and(pyna)e = to1 = .(p;S) they are triggered alternatively or simultaneously(that is,
*(Xa) = *(Xg)) in N.

Definition 6: SU-Connectio{SUC): A SU-Connection Moreover, it can be noticed that the MIMO subnetin
(refer Figure 3a) (subnetconnection)s saidto be established Figure2b consistsof 2 independensubnetsvhile the MIMO
betweena net N and a MIMO subnetXmimo € N, whena subnetof Figure2c consistsof two dependensubnetswhich
WDB, ps/ € X andits conjugateplacein N are markedby sharea commonplacep, thatdetermineghe livenessof the
a transition firing in N. MIMO subnet,and hencethe overall net.

and last places of the subnet place pgu



Equivalent SISO Subnet X

MIMO subnet X
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Q: Inhibitor Set
R: Activator Set

Figure 4. MIMO — SISO Translation
3.2. Properties of MIMO Nets

The following discussionconsidersthe net in Figure
3. Let X be the MIMO subnetof a net N consistingof 2
WDBs X, and Xg suchthat X, and Xg areinitiated by N
at different time instances. Let X5 and Xg encapsulatea
resourcerepresentedby a statusplacep; € X.

The following factscanthenbe observed established:
Fact 1: A MIMO subnetis madeup of two or more
WDB'’s.

Fact 2: If aresourcgor a setof resourcesyepresented

by aplacep; is requiredin a higherlevel net(NetN in Figure
3) thenthereexistsat least2 WDB’s Xp andXg € X, X €
N and X € Py, which overseethe requestand releaseof the
resource(swhen resourcefailure identificationis built into
the requestand releaseoperation.

Theorem1: A ssplaceis a WDB.

Proof The proof of this theoremis trivial. If two ssplacespss and
psd are combinedusing two temporarytransitionsts andt;, one of
the ss places,(for example,pssi), can be consideredo function as
a WDB connectedwith a ssplace,psd. Equation5 holds for this
combinednet. ]

Theorem2: For everywell formedMIMO subnet,say Xmimo, there
existsa well formedSISOsubnet Xsiso, that representghe sameset
of operations,suchthat operationscorrespondingo the individual
WDB's in Xmimo, Sy h, correspondto h branchesthat are activated
due to the firing of one of the h transitionsthat are outputto the
single input place, ps, t0 Xsiso-

Proof. It is to be recalledthat H-EPNsallow the use of inhibitor
and activator arcs. The MIMO-SISO transformationis a 2—step
processasillustratedin Figure 4:

. Creatinga SISO structure Removeall theinput placesof the
WDBs andreplacethemby a singledecisionplace,ps, with output
arcsrunningfrom the decisionplaceto all the outputtransitions say
tn € Th, (T is a setof transitions)of the placesremoved. Remove
all output placesfrom the individual WDBs and replacethem by
a single place pr which will be the final output place for all the
WDBSs. Thetransitionthatthis placewill fire atthe higherlevel net
on completionof the subnetoperationwill dependon the conjugate
placethat was simultaneouslymarked

. QR setdevelopment For eachtransitionin Ty, thatis output
to the placeps, the setQ consistsof all the placesthat inhibit the
transitionfrom firing, and the setR consistsof the corresponding
conjugateplace(placeswith implicit activatorarcsto thecorrespond-
ing transtionsat the higherlevel net. SetsQ andR mayalsocontain
otherconstraintghat canaffect the selectionof the particularWWDB
of the MIMO subnet.

Thus, thesenew transitionswith QR setswill havetwo more con-
ditions to satisfy before they are enabled[4]. These conditions
correspondo the activating and inhibiting places(all such places
may not necessarilypbe conjugateplacesat the higherlevel net, they
may also be otherplacesat the higherlevel net) that are associated
with the correspondingransitions. |

Theorem3: Let N bethe netthat containsthe MIMO subnetXmimo
with a correctinitial marking 1N, Let Xo and Xg be WDBsof X
that are SUCIin N. Let S be the net obtainedafter the SUC of Xa
(or Xg). Then:

. Sis boundeds N is bounded.

. Sis live & Nis live.

. Sis reversibles N is reversible.

Proof. Let s, bethe correctinitial markingof S suchthatfor every
placepi €Ps, us (i) = no(pi) andfor every placepi €Py, v (pi)
= po(pi)-

Let Xa andXg subnetsn Xmimo € N, andlet X,’ and X’ be the
correspondingonjugateplacesin N. Let psa and psp be the starting
placesof Xa andXg in Xmimo. Let [Qa, Ra] and[Qu, Ry] bethe QR
setsof (psa)* and(psp)* in a correspondingS1SO transformation.

By Definition 5, Xmimo is bounded live andreversible. Two cases
may be distinguished. The WDBs Xa, Xg € Xmimo May be either
dependenbr independentWDBs.

Casel: Xa, Xg € Xmimo are independentWDBs. In this
case theredo not exist placesin Xmimo, Or the equivalentXs;so, that
sequencehe subnetsXa and Xg.

Let, PA = PXA' PB

Py U Ppg,

PXB and PX

N

PnyU Ty, and S

Pyu Ty U Px

Vpi € Ps NPa, puso(pi) = pao(pi) = polpi)

(6).
Ypj € Ps N PN, pso(p;) = wno(rj) = uo(py)

wo(pi) and po(pj) are the correct initial

markings of X4 and N respectively.

Thus, since, Xa, Xg areindependentWDBs

a. Sis bounded< N is bounded.
b. Sislive & N is live.
c. Sisreversible& N is reversible.

Case2: Xa, Xg € Xmimo aredependenWWDBs.

a. N is live, boundedand reversibleimplies that:
. Xa, Xg have an ordering (A, B), thatis, 3 a se-
quenceof transitionsand places,ti, ps., tit1, Pi+1,
......... I, p«.® in N, suchthat:
o (pi,) = o(X5) = ti, (pl)e = (Xh)e = tigr = e(pig1)

@.

] ThUS,Nti(XA) < Nti(XB) andNti+1(XA) > Nti(XB).
. XA’ € Qp, XBl € Qa, XAl € Ry, andXB’ € Rpin
the equivalentXsso transformation.

3 To use PN simulation tools that do not allow the use of activator arcs, for

simulation/ analysispurposesthe techniquediscussedor the examplein sectionlV is
used. However, note that this techniqueaddsto the net complexity eitherin termsof
additionalplaces,or additionalarcswith the specificationof transitionprioroties.



Thus,the SUCIn N alternatebetweerSUCy andSUGs.

Thus, S is bounded live andreversible.

To prove that N is bounded,live and reversibleif S
is bounded,live and reversiblerefer to Equation5. S
consistsof placesand transitionsfrom N and Xmimo. If

S is boundedive andreversiblethen Xmimo is bounded,
live and reversible.And pso (pi) = pno (B) U zao (px),

where,pi € Ps, andp; € Py and pc € Pa. Thus, if

1so (pi) givesa boundedJive andreversiblemarkingfor

netS, thenuno (pj) givesa bounded live andreversible
marking for net N.

3.3. Timing Analysis of the MIMO Structure

In the sequel,we will discusstiming issueswith re-
spectto two different operationsthat may use the sameset
of resourcesRestrictingthe numberof resourcesepresented
within an individual MIMO subnetto two, allows the de-
signerto apply widely studiedresourcedeadlockavoidance
strategiedrom the literaturein the constructionof a two in-
put, two outputsubnet. It is to be notedthatthe construction
of aequivalentSISOstructureandthefollowing analysiscan
be donerecursivelyto more thantwo WDBs or WDBs that
sharemore than two resources.

Before proceedingfurther, let us define the following
termsthat are usedlater in the sequel:

Definition 10: Let 7, and Ty bethetime durationof the
subnetsX, and Xg respectively.

Definition 11: Let 745 and7rs’ 1 < 7 < k bethetime
durationfor theacquiringandreleasingof resourceassociated
with placepy by subnetX,, respectively.

Definition 12: Let 74 and 74 be the time durationfor
the acquiringthe last requiredresourceand releasingthe last
resourceusedwith the subnetX,, respectively.

Definition 13: t.9: This denotesthe absolutetime for
the variouscases.In our analysis,1 < ¢,d < 4, wherec
standsfor the subscriptsof the timesshownin Figure5 and
d denotesthe various cases. Thus, t,%, denotesthe time t,
in Figure 5-4.

Definition 14 t, k € (a,b)and1l < ¢ < k: This
denotegsthe requestingtime of resourcep;; by subnetX, or
Xpg.

Definition 15: t', k € (a,b)andl < i < k: This
denoteghereleasingime of resourcep; by subnetX, or Xg.
It can be noticed that:

Taf Neednot necessarilybe 74 .

V1 < i < kb ma <74

ot = Max{ra’}; 1 < i < k.

Given this background considerthe timing diagramin
Figure5 for theH-EPN subnetsonsideredn Figures3 and4.

Thereexistfour generalcaseghat may be consideredo
establishan upperbound(UB) on the time constraintfor the
durationof subnetsat a higherlevel. Theseare:

Casel: Thee is no overlapbetweerthe operatingtime
durations of subnetsXa and Xg: This meansthe operation
pertainingto subnet,X,, is completedbefore the operation

4 Note that this doesnot meanthat the numberof resourceaitilized by a multi-

subnethierarchyneedsto be restrictedto two. It allows the definition of a resource
hierarchy specificationwhere resourcesmay be abstractedin a subsequensubnet
structure.

Case 1

Case 2

Case 3

Case 4

t1 13 tak

Figure 5. MIMO SubnetTiming Analysis

associatedvith subnet,Xg, is initiated. This is illustratedin
Figure 5-1. This is also visually noticeablein Figure 4 for
net, N. This meansthat all the resourcesassociatedvith the
subnetX, are availablebeforethe initiation of operationsof
subnets X, or Xg.

Case2: Thee is an overlapbetweerthe operatingtime
durationsof subnetsX, and Xg, butsubnetXg requestsheuse
of its first resouce, pp1, only after all the resouces gained
by subnetXa have beenreleased This caseis illustrated
in Figure 5-2. There doesnot exist any problem for the
operationof the two subnetsin this casesince thereis no
possibility of the subnetsbeing actually tied up waiting for
someresource.

Case3: Thee is an overlapbetweerthe operatingtime
durationsof subnetsX, and Xg, and subnetXg requestghe
useof its first resouce pp; before all the resoucesgainedby
subnetXy havebeenreleased This situationis illustratedin
Figure 5-3. In sucha situation,therecould exist a delay in
the operationsassociatedvith subnetXg. The largestdelay
occurswhen the last releasedresourceof subnetX, is the
first requestedesourceof subnetXg.

Case4: Thee is an overlapbetweerthe operatingtime
durationsof subnetsXa and Xg, and subnetXg requestghe
useof its first resouce p,; befoe all the resoucesusedby
subneiXy havebeenrequested:This situationis illustratedin
Figure5-4. The largestdelay occurswhenthe last requested
resourceof subnetX is thefirst requestedesourceof subnet
Xg.

Theorem4: WhenN is live and deadlockfree, then
t3 < t2andt; < 2
Proof: We will assumethat all the resourcegx1, pr2, prs,

Py, ,p aregainedandreleasedy thetwo subnets.Consider
that pa1, Paz, Pas, + Pais ,Pay 5,1 <k, is the order of



resourcescquiredfor subnetXa andppi, Po2, Poa,
poi, 7,1 < k, is theorderof resourcescquiredfor subnetXg. The
leasttime value of t,2 is:

(1)
min

Figure5 illustratesthe various casesinvolved and the proof of the
theoremconsistsof establishinghe boundsfor all thesecases.The
proofis not derivedheredueto spacelimitations andthe interested
readeris referredto [5]. |

t1 + 7o + 7o — (Ta - Taf) (9)

4. Example

In this section,we will demonstrate¢he useof activator
arcsin constructingandanalyzingMIMO netsin an example
assemblyprocess.The exampleis illustratedin Figure6. It
consistsof threeworkstationsA, B, and C, and two robots,
RA andRB. An input job is first processedy A andsubse-
guently processedby eitherB or C. The robot RA is usedin
the operationsof A andis also usedto transferintermediate
jobs from the outputbuffer of A to the input buffer of B and
C. Therobot RB is usedexclusivelyby eitherB or C. A and
B havethe capabilityto schedulgobs basedon certainprior-
ity constraintsandthus havethe ability to maintainpriority
gueuef incomingjobs. All stationsareservedby anactive
resourceR1. R1 is failure proneandhasan active standby,
R2, usedduring dynamicfailure situations.

\J Machine A
.

Machine B

Machine C

Figure 6. An Example AssemblyLine

The systemmodelis derivedfollowing the hybrid design
methodologydescribedin sectionthreefor the construction
and analysisof MIMO nets. Given the generalsystemde-
scription, first, a high-level H-EPN model is createdusing
a top-down approach. Later, dependingon individual ma-
chinescapabilities,the operationghat are carriedout on the
variousmachinesaare modeledthrougha bottomup synthesis
technique. Solid tokensin the various subnetsrepresente-
sourcesomprisingthe systendescriptionwhile dottedtokens
representokensgeneratediuring systemoperations.The ss
placeregulategheinput job flow, representedsaninput job
in Figure7. This is modeledasillustratedin Figurelc. The
top level H-EPN model of Figure 7 is usedin conjunction
with the ss place.

4.1. Top-down SystemDecomposition

Figure 7 providesthe top level H-EPN model of the
systemoperations.The modeltracesthe flow of aninput job
throughthe systemand gives a high level descriptionof the
systemoperations.While Figure 7 representaorkstationC
with a singletoken,workstationsA andB arerepresentedby
the numbersn1 and n2 for indicating the maximumnumber
of jobs that the workstationscan maintainin their individual
job queues. Thesejobs are then scheduledby a priority
schedulingalgorithm that can handledynamicjob priorities.
The subnetsSA, SB and SC denotethe operationsof A, B,
and C, respectively.

SA, SB and SC: Sched Subnets

Figure 7. Top Level H-EPN SystemModel

The abovedescriptionof systemoperationsas modeled
in Figure 7 is obtainedby the generalsystemdescription.
Althoughthe presencef conjugateplacesis shownexplicitly
in the diagram, the modified SPNP packagehandlesthe
creationof theseconjugateplacesby meansof the highsub
function, discussedn detail in sectionlV-D.

4.2. Bottom-up Synthesisof SystemOperations

Figures8a and 8b presentthe subnetsfor the priority
schedulingof jobs and the dynamic failure recognitionand
reschedulingof jobs. Thesetwo subnetsform the lowest
level descriptionof systemoperationsand model the actual
job processing.Note that thesetwo subnetsare WDBs® that
sharecommon places, processjob-R1 and processjob-R2
respectively. Thesesubnetsare called interacting subnets.
The actualsubnetfor processingninput job for the machine
is illustrated in Figure 8c. The QR sets associatedwith
the transitionstR1 and tR2 scheduleincoming jobs to be
processed.In casean ovefflow is detectedfor the priority
job queuesn workstationsA and B, QueueOverflowblocks
the acceptancef new jobs at transitionstR1 andtR2. The
Switch place initiates the use of resourceR2 in caseof a
failure detectedn R1, andre-initiatesthe useof R1 onceit
is repaired.

Figure 9a illustrates the subnetmodel for actual job
processingby workstationsB and C. Robot RB, used for
loadingandunloadingof intermediatgartsontoworkstations
B and C, is representedhere. This H-EPN net is a MIMO
subnet.The operationof workstationA is alsosimilar to the
operationsof B, exceptit doesnot useRB in its operations.
This is illustrated in Figure 9b. Figures 9a and 9b are
combinedto give the equivalentSISO net. The synthesis
and verificatiorf of the MIMO net is illustrated by Figure
10a. The equivalentSISOnet s illustratedin Figure 10b.

WDBs are SISOnetsthat arelive, safeandreversible.

6 The analysisfollows from definition 5 in section3.



Figure 8. Actual Job Processing,Priority
Schedulingand Dynamic Failure Recognition

Figure 9a: Operations of Machines B & C Figure 9b: Operations of Machine A

Figure 9. Subnetsfor Individual Machine Operations

Figure 10a: MIMO Net Construction and Verification

Figure 10b: Equivalnet MIMO Net (SA, SB, SC)

Figure 10. Equivalent SISO Subnetfor Machine Operations

4.3. Final SystemModel Integration

The final H-EPN systemmodelis generatedy integrat-
ing the equivalentSISO net generatedn Figure 10 with the
top-level decompositionof the systemmodel generatedin
Figure 7. This is achievedby associatingQR setswith the
transitionsthat are outputto the input placeof the SISO sub-
net obtainedin Figure 10. TheseQR setsindicatethe actual
flow of the input job throughthe assembly.

4.4, System Simulation

The SPNPpackagg1] hasbeenusedfor the simulation
of the abovesystemand the importantsystempropertiesof
boundednesslivenessand reversibility have been verified.
The performanceof the systemhas been studiedwith and
without the effect of dynamicfailures. To executethe H-EPN
systemmodel using the SPNP packagewe introducethree
extensionsto the net descriptionsthat can be provided by
SPNP,(i) Integrationof activatorarcs,(ii) Integrationof QR
sets,and, (iii) Integrationof MIMO subnetdescriptions.The
guard (v’), watchdog(w) and random(¢) functions defined
by the H-EPN systemmodel in equation(1) are simulated
by meansof the guard’, rewad_typeand ratefun/ ratedep
functionsin SPNP.

To use SPNPfor simulatingthe H-EPN model, the ac-
tivator arcs have to be transformedto SPNP specifications
without affecting the expectedsystem behavior. This is
achieveddefining the functionsaarc and maarc. aarc rep-
resentsthe activator arc definition with arc weight 1 and
maarc representghe definition of an activator arc with an
arc multiplicity, m. Thesefunctions are defined in terms
of the SPNP primitives, iarc, oarc and priority, used to
representinput arcs, output arcs, and transition priority,
respectively. The syntax for the aarc and maarc func-
tions are: aarc(“transition_name”,“place_name”, prio) and
maarc(“transition_namé&, “place_name”,m, prio). The pri-
ority function establishes defaultpriority of prio insteadof
the default SPNPtransitionpriority value of 0. The userhas
to ensurethat prio is larger thanany otherpriority valuethat
is assignedor othertransitions,sothat H-EPNsare properly
simulatedby SPNP.The conversionof activatorarc defini-
tions to SPNP (with notion of transition priorities) and the
classicalPN definition (with no notion of transition priori-
ties) is illustratedin Figure 11.

The QR set definitions are dependentupon the pack-
agesability to specifyactivatorandinhibitor arcsfor a given
transition. Therefore,the function grsetis defined. It trans-
formsthe QR setdefinitionsinto correspondingctivatorand
inhibitor arc ddfinitions. The grsetfunction hasthe follow-
ing syntax. grset(“transition_name”,“inhibitor_place_set”

,“activator_place set”).

Subnetdescriptionby meansof the SPNP packageis
achievedby invoking a function call to a subnetdefinition
in the PN specificationfile. However, this definition of a
subnetessentiallyduplicatesall the placesand transitionsin
the subnetdefinition for every suchcall. However,H-EPN
subnetscannotbe duplicatedif they model sharedsystem
resourcesif the H-EPN subnetdefinition containsplacesthat
hold control (solid) tokens. This is acheivedby the highsub
routine, which essentiallycreatesa conjugateplace and the
respectiveinput and output arcsto both the conjugateplace
and the actual subnetinput place. All other subnetswill
be called using a lowsubfunction call. The lowsubroutine
essentiallyduplicatesthe subnetalong with the creationof a
new conjugateplace. Within the sisofunroutineis the actual
descriptionof the low level subnetthat can be duplicated.
Therefore, the input and output placesare not defined as
parameterso lowsubfunction, butratherthe subnetdefinition

’ The enabling_typefunctionsin earlier SPNP versionsare called the guard in

SPNPversion4.0.



is passedas an agumentto sisofun However,for highsub
the actual definition of the subnetexists within the normal
net description. Moreover,i andj are usedas seedsfor for
renamingplacesand transitionsandto specify other special
subnetcharacteristics.For example,in Figure 10, n canbe
modifed accordinglyfor workstationsA and B for analysis
dependingon the actualnumberof jobs (n1 andn2in Figure

7, respectively)that they can processsimultaneously.
highsub{subnet_place_name”, “input_trans”
put_trans”, “in_place”,“out_place”, i)
lowsub(“subnetplace_name”, sisofun, “input_trans’
,‘output_trans”, j)

J‘out-

Tiority = 0 ti

Priority =
o (lower priority) pi

(higher
priority)

pi pk

ti ] ti 4 i 4
(100) -—> (110) -——> (011) (100) -——> (110) ———> (011) ((01)00) ——=> ((10)10) ———> ((00)11)

H-EPN Specification SPNP Specification Ordinary Petri Net Specification

Figure 11. Activator Arc Transformations

5. Conclusions

In this paper,activatorarcs have beenusedas a basis
for the constructionof QR setsessentialin the generation
of MIMO netsand the constructionof structuredPN mod-
els. QR setshave beenusedin deriving a transformation
from MIMO nets generatedby meansbottom up synthesis
techniquesto SISO nets. The use of the context sensitive

conjugateplaceduring subnetactivationsis usedfor reactive
decisionmakingin situationswherethe subnetcharacteristics
aredictatedby higherlevel netinitiations. Suchcharacteris-
tics canrepreseneithertiming or semanticrelatedbehavior.
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