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Abstract
The constructionand analysisof Multiple Input Multiple Output
(MIMO) subnetsis discussed.It is shownthat Hierarchical Time-
ExtendedPetri Nets(H-EPNs)allow the developmentof structured
MIMO subnetsthroughtheuseof bottom-upPetri Netsynthesistech-
niques. The paperanalyzesPetri Net extensionsthat allow a truly
hybrid approachto Petri Netbasedsystemsmodeling,analysisand
development.Thecasestudyemphasizestheadvantageof theactiva-
tor arc extensionin studyingissuessuchasstaticpriority scheduling,
dynamicfailure recognition,andreschedulingin manufacturingsys-
tems. The SPNPpackage,suitably modifiedto handlethe H-EPN
extensions,is usedto analyzethe propertiesof the derivedH-EPN
model.

1. Introduction
In this paper,a classof PNs,calledHierarchicalTime-

ExtendedPetriNets(H-EPNs)areusedto deriveandanalyze
Multiple Input Multiple Output(MIMO) systemmodels.Re-
searchon PN extensionsto systemsmodeling/ analysishave
focusedon the use of SISO subnetstructuresbecausethey
are easyto developandanalyze.More on theseapproaches
may be found in [2, 5] andreferencestherein.However,PN
modelsof most real world systemstend to be MIMO nets.
The H-EPN approachto PN modeling addressesthis issue
by adding the notion of activator arcs and modeling inde-
pendentsubnetinitiations (separatelydefinedsubnetsaswell
asindependentsubnetswithin a MIMO subnet)by meansof
conjugateplaces.Activator arcshavebeenderivedfrom us-
ing ExtendedPetriNets(EPNs)in themodelingandanalysis
of materialshandlingsystems[3].

This paperprovidesanextensionthatwill allow thecon-
structionandanalysisof MIMO nets.This PN extensionwill
alsofacilitatethemodelingandanalysisof two differentkinds
of failure situations: (i) Static failure situations: Theseare
failure situationsthat are known or can be decidedprior to
schedulingcritical activities, (ii) Dynamicfailure situations:
Theseare failure situationsthat occur during certaincritical
systemoperationsthat requirethe useof redundant,standby
resourcesand / or mechanisms.Almost all PN relatedre-
searchand modeling techniqueshave neglectedthe impor-
tanceof capturingsuchdynamicfailure situations.Recently
in [6], a PN extensioncalled AugmentedTimed Petri Nets
(ATPNs) is presentedto handlesuchdynamic failure situa-
tions. However,the activatorarc extensionto modelMIMO
nets as proposedin this paper is syntacticallysimpler and
semanticallyeasierto understand.

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

2. H-EPNs
H-EPNsinclude: (i) five differenttypesof places(status,

action,decision,subnetand the source-sinkplaces),(ii) two
differenttypesof transitions(internally andexternallydriven
transitions),(iii) two different typesof unweightedarcs(in-
hibitor and activator arcs), and, (iv) two different types of
tokens(control andflow tokensrepresentedassolid anddot-
ted tokens,respectively).
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The graphicalrepresentationof the placesand arcs in
a H-EPN design is shown in Figure 1a. The structurefor
the ss place implicitly adheresto the property that every
sourceplacehasacorrespondingsinkplacein thenet,thereby
allowing for token conservation.All flow tokensthat enter
the systemmustexit the system.This factor is importantfor
ensuringthe propertyof systemboundedness.As with the
classicalPN theoryall transitionsthathavetheir input places
markedare consideredenabledand are potentially fireable.
But sinceH-EPNsare proposedas tools that integratewith
actualreal-world systemsfor real-timecontrol, the enabling
of transitions is 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 transitionare appropriatelymarkedthen
the transition is consideredplace enabled,and, (ii) Event



Enabling: Eventenablingis an extensionof H-EPNsto deal
with discreteevent dynamic systems(DEDS), where state
changesare primarily derivedby the occurrenceof internal
or externalevents.Theoccurrenceof theseeventsis signified
by the enabletime. Therefore,only whena transitionis both
place and eventenabledit is consideredto be enabled. In
the H-EPN systemmodel,an enabledtransitionimplies that
eventsassociatedwith the transition are expectedto occur
within the specifiedtime limits. Thus, all transitionsin the
H-EPN model may be representedas:
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where,Pin andPout are setsof input andoutputplacesto the
transition, ti , respectively,Ein and Eout are setsof input and
output eventsassociatedwith the transition, ti , respectively,
P

in 6 is a subsetof the input places,Pin, to the transition, ti ,
thatare associatedwith somesystemoperationsabstractedby
eitheractionor subnetplacesin a H-EPNsystemmodel,t(pi)
= 7 i , the time associatedwith placepi 8 Pin, 9 is a guard
functionthat is true if all associatedevents,ei 8 Ein, are true,: is a watchdogfunctionthat monitorsthecritical operations
representedby the set P

in 6 , and thus ensures correct system
operations, ; is a randomfunction that choosessometime
value 7 from a givensetof values,to be associatedwith the
transition ti suchthat 7 imin ≤ 7 ≤ 7 imax, where 7 imin and 7 max
are the minimumand maximumtimesassociatedwith some
input placespi , pj 8 Pin, m is the transition multiplicity, <
is an output function which initiates someeventprocessing
thereby leading to an eventgenerationor assignsvaluesto
appropriateeventsif theyare B, I or A typeevents,PQ andPR
are the set of placesthat inhibit and activatethe transition,
ti , respectively.

Importantsystempropertiesfor theH-EPNmodelarean-
alyzedusingalreadyavailablePN simulationtools like SPNP
[1]. However, to use such tools, the H-EPN systemmodel
must first be transformedinto a systemmodel that doesnot
contain activator arcs. This transformationessentiallypro-
ducesat leastoneextraplaceandarcfor everyactivatorarcin
the H-EPN systemmodel. Moreover,thesetools alsodo not
allow the incorporationof eventsin thesystemmodel. How-
ever, this drawbackis easily offset by modelingthe system
with additionalplacesthat representthe generationof these
events. For example,the error event that triggers the error
operationsin the examplediscussedin sectionfour (Figure
8b), is modeledby meansof additionalplaces.However,to
be usedin real-timecontrol, the transitions(tR1e,and tR1r)
that model thesefailures are associatedwith real-time sen-
sory eventsandarenot driven by just the input places.The
H-EPNextensionto transitions,placeandeventenabling,ad-
dressexactly this characteristicof real-timesystems.

3. MIMO Net Development and Analysis
H-EPN MIMO subnetsare defined by means of a

bottom-upapproachto PN model generation,similar to var-
ious other reportedmethods[2, 5]. Independentlydefined
SISO subnetsare combinedthroughcommonplaces,transi-
tions and arcs to define an interactingor a MIMO subnet.
Sucha MIMO subnetis then transformedto a correspond-
ing SISO subnetfor easyintegrationas a SISO net into a
top-down decompositionof the overall systemmodel. The

advantageof thisapproachis thatpreviouslyestablishedanal-
ysis techniquescan be easily adaptedto be usedwithin this
framework.Moreover,highly complexPN structuresmaybe
easily generatedby meansof this approach.
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Figure 2. SISO/MIMO PN Examples

3.1. MIMO Net Generation

In H-EPNs,MIMO subnetsarecreateddueto operation
abstractionwith respectto the resourcesused. This implies
that if two or moreoperationsareperformedusinga resource
(or a setof resources)thensuchoperationsareabstractedat
a higherlevel of modelingdetail asa singlecontextsensitive
MIMO net. Thecontextsensitivityis achievedby the notion
of conjugateplace. This meansthat different instantiations
of the sameMIMO subnetcorrespondingto the respective
SISOsubnetsconstitutingtheMIMO subnetarepossible.In-
formationregardinga particularinstantiationis maintainedby
meansof the conjugateplaceat the higher level net. Figure
2b illustratesa simple MIMO subnetgeneratedby a shared
resourceplace,pr. Figure2c showsa morecomplexMIMO
subnetgeneratedby sharedplaces,pr and pq, wherepr is a
sharedresourceand pq sequencesthe operationsof the two
SISO subnetsof the MIMO subnet. It is to be noted that
when such a MIMO subnetplace is usedat a higher level
of abstraction,the two individual SISO netsare not essen-
tially activatedsimultaneously.They may occur in sequence
but otheroperationsrepresentedat the higher level net or by
otherMIMO netsmaybeinter-spacedbetweenthesetwo op-
erations.Moreover,whenthey arenot initiated alternatively
by a higherlevel net,deadlockmayoccur. Although provid-
ing greatermodelingflexibility, thisapproachto PNmodeling
necessitatesgreatercarewhile designinghigherlevel netsand



correspondinglower level MIMO subnets.It is to be noted
that when we talk about subnetlivenesswe actually refer
to the quasi-livenessof subnets. In the following, essential
definitions for subsequentdevelopmentsin this sectionare
provided.

Definition 1: Well FormedSubnet(WFS):A well formed
subnet is a SISO marked graph that is bounded,live and
reversible. The net in Figure 2a is a WFS.

Definition 2: Successor( @ (ti)): A transitiontj is saidto
be a successorof a transitionti , @ (ti ), if thereexistsa place,
pk, or a set of places,pk .... pk+r, suchthat:

ACB-DCEGFIHKJ#LMHNFOACB-DQPSR1T
UQUQUQUQUQU
VCW-XQYSZ1TG[]\_^#`1YaZ"\N[OVCWGb1T
c�dfehg,i W X Y R \kj#VCW X TGl,monpW X YaZ \NjoqOVCW X T i
r dfs-t3s W d�s�u�v mSn vGw lOW s1g W d l,W(W dfs�xoy�z-{}|f~o�)�IvGg��Ot3s l,W s-t W d l,m(l e m v W i
W d lOW vGgOi W d�s W t l,m g-v W v$� m g l tOs m � W vC���'s n v lOW s
g-eow-w-s)g1��t3g��4e W�l tOs ^ t3�)� l �-�Qs n vGg W}l,moW g�eow-w-s1g)g1�-tOg U

(2).

Note: Observethat if a net is reversible,then � * (ti) = tj and
� * (tj) = ti .

Definition 3: Well DefinedBlock (WDB): A WDB is a
SISOsubnetplace,psu

j suchthatif assplacepss
i is introduced

suchthat equation(2) is true, then the combinednet is live,
boundedandreversible.Thus,a well formedsubnetis a WDB.
Figure 2a is a exampleof a WDB.
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(3).

Definition 4: Interacting Subnet(IS): An interacting
subnetis madeof two or moreWDB’s psu

j �����k�������¡ ¢ � n being the numberof WDB’s sharing the sameset of
resources.

Definition 5: MIMO Subnet:If the individual WDBs of
an interactingsubnetof two or moreWDB’s canbe ordered
suchthat: (i) equation(3) is satisfied, and,(ii) the combined
net is live, boundedand reversible,then it is called a well
formedMIMO subnet.In suchanordering,a setof ssplaces
pss

i ���¤£¥�¦�����¡§ ¢ � areintroducedto form a combinednet
with the interactingsubnet.Figures2b and2c areexamples
of well formed MIMO subnets.
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(4).

Definition 6: SU-Connection(SUC): A SU-Connection
(referFigure3a) (subnetconnection)is saidto be established
betweena net N and a MIMO subnetXmimo ± N, when a
WDB, psu

j ± X and its conjugateplacein N are markedby
a transition firing in N.

N:         Overall net/subnet at a level i
X:         MIMO Subnet of Net N, with subnets A and B
A, B:     Subnets of X sharing resources pr1... prk
XA, XB: Different Initiations of X in Net N pertaining to different 
              operations associated with the shared 
              resource(s) pr1...prk 
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Figure 3. MIMO Net structure

Definition 7: SubnetActivationTime(Nti(XA)): Nti(XA),
representsthe i th instanceof activationof a subnetXA in
net N.

Definition 8: QR Set: A transition, ti , is said to be
associatedwith a QR set,if thereexista setof disjoint places
PQ and PR suchthat PQ is the set of placeswhich inhibit ti
andPR is the set of placeswhich activateti .

Definition 9: Dependentand IndependentWDBs: Sup-
posethere exist 3 WDB’s XA , XB and XC belonging to a
MIMO subnetXmimo of a net N.
Then,XC is an independentWDB andXA , XB aredependent
WDBs if:³¬´�µ�¶�·�¸�¹o´fº»¶�·�¼�¹o´#½¾¶�·�¿
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(5).

That is, XC is not affected by any sharedplacesif all the
sharedresourcesare availablefor its initiation, whereasXA
and XB are sequencedby a sharedplace.

The following are thenobservedfrom the abovedefini-
tions regardingthe resource,pr é Pri , 1 ≤ i ≤ s, andpm:
• pr is usedin theoperationsof Net N outsideof X if XA ,
XB are temporallyspacedin N.
• pm is usedin thecommunicationbetweenXA , XB when
they are triggered alternatively or simultaneously(that is,
•(XA) = •(XB)) in N.

Moreover, it can be noticed that the MIMO subnetin
Figure2b consistsof 2 independentsubnetswhile theMIMO
subnetof Figure2c consistsof two dependentsubnets,which
sharea commonplacepq that determinesthe livenessof the
MIMO subnet,andhencethe overall net.
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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 XA and XB suchthat XA and XB are initiated by N
at different time instances. Let XA and XB encapsulatea
resourcerepresentedby a statusplacepri ë X.

The following factscan thenbe observed/ established:
Fact 1: A MIMO subnetis madeup of two or more

WDB’s.
Fact 2: If a resource(or a setof resources)represented

by a placepri is requiredin a higherlevel net(NetN in Figure
3) then thereexistsat least2 WDB’s XA andXB ë X, X ë
N andX ë Psu which overseethe requestand releaseof the
resource(s)when resourcefailure identification is built into
the requestand releaseoperation.

Theorem1: A ssplace is a WDB.
Proof: The proof of this theoremis trivial. If two ssplacespss

i and
pss

j arecombinedusing two temporarytransitionsts and tf , one of
the ss places,(for example,pss

i), can be consideredto function as
a WDB connectedwith a ss place,pss

j . Equation5 holds for this
combinednet. ì
Theorem2: For everywell formedMIMO subnet,sayXmimo, there
existsa well formedSISOsubnet,Xsiso, that representsthesameset
of operations,suchthat operationscorrespondingto the individual
WDB’s in Xmimo, sayh, correspondto h branchesthat are activated
due to the firing of one of the h transitions that are output to the
single input place, ps, to Xsiso.
Proof: It is to be recalledthat H-EPNsallow the useof inhibitor
and activator arcs. The MIMO-SISO transformationis a 2–step
processas illustrated in Figure 4:
• Creatinga SISOstructure: Removeall the input placesof the
WDBs andreplacethemby a singledecisionplace,ps, with output
arcsrunningfrom thedecisionplaceto all theoutputtransitions,say
th í Th, (Th is a setof transitions)of the placesremoved. Remove
all output placesfrom the individual WDBs and replacethem by
a single place pf which will be the final output place for all the
WDBs. Thetransitionthat this placewill fire at thehigherlevel net
on completionof thesubnetoperationwill dependon theconjugate
place that was simultaneouslymarked
• QR setdevelopment: For eachtransitionin Th, that is output
to the placeps, the setQ consistsof all the placesthat inhibit the
transition from firing, and the set R consistsof the corresponding
conjugateplace(placeswith implicit activatorarcsto thecorrespond-
ing transtions)at thehigherlevelnet. SetsQ andR mayalsocontain
otherconstraintsthatcanaffect theselectionof theparticularWDB
of the MIMO subnet.

Thus, thesenew transitionswith QR setswill havetwo more con-
ditions to satisfy before they are enabled[4]. Theseconditions
correspondto the activatingand inhibiting places(all suchplaces
maynot necessarilybeconjugateplacesat thehigherlevel net, they
may alsobe otherplacesat the higher level net) that areassociated
with the correspondingtransitions3. ì
Theorem3: Let N be the net that containsthe MIMO subnetXmimo

with a correct initial marking î N
0
. Let XA and XB be WDBsof X

that are SUC in N. Let S be the net obtainedafter the SUC of XA

(or XB). Then:
• S is boundedï N is bounded.
• S is live ï N is live.
• S is reversible ï N is reversible.

Proof: Let î S
0

bethecorrectinitial markingof S suchthatfor every
placepi í PS, î S

0
(pi) = î 0(pi) and for every placepi í PN, î N

0
(pi )

= î 0(pi).

Let XA andXB subnetsin Xmimo í N, and let XA ð and XB ð be the
correspondingconjugateplacesin N. Let psa andpsb be the starting
placesof XA andXB in Xmimo. Let [Qa, Ra] and[Qb, Rb] be theQR
setsof (psa)• and(psb)• in a correspondingSISOtransformation.

By Definition 5, Xmimo is bounded,live and reversible.Two cases
may be distinguished.The WDBs XA , XB í Xmimo may be either
dependentor independentWDBs.

Case1: XA , XB í Xmimo are independentWDBs. In this
case,theredo not exist placesin Xmimo, or theequivalentXsiso, that
sequencethe subnetsXA and XB.
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(6).

Thus, since,XA , XB are independentWDBs

a. S is bounded< N is bounded.
b. S is live < N is live.
c. S is reversible < N is reversible.

Case2: XA , XB = Xmimo aredependentWDBs.

a. N is live, boundedand reversibleimplies that:

• XA , XB have an ordering (A, B), that is, > a se-
quenceof transitionsand places,ti , psu

a, ti+1, pi+1,
.........tj , psu

b in N, suchthat:
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b�b�b�b�b Q�cdI�?fe"B�g DFEHh	I�?�@9LONi G b

(7).

• Thus,Nti(XA) < Nti(XB) and Nti+1(XA) > Nti(XB).
• XA jW= Qb, XB j�= Qa, XA j�= Ra, and XB jk= Rb in

the equivalentXsiso transformation.

3 To use PN simulation tools that do not allow the use of activator arcs, for
simulation/ analysispurposes,the techniquediscussedfor theexamplein sectionIV is
used. However,note that this techniqueaddsto the net complexity either in termsof
additionalplaces,or additionalarcswith the specificationof transitionprioroties.



Thus,theSUCin N alternatesbetweenSUCA andSUCB.
Thus,S is bounded,live and reversible.

b. To prove that N is bounded,live and reversible if S
is bounded,live and reversiblerefer to Equation5. S
consistsof placesand transitionsfrom N and Xmimo. If
S is bounded,live andreversiblethenXmimo is bounded,
live and reversible.And l S0 (pi) = l N0 (pj) mnl A0 (pk),
where, pi = PS, and pj = PN and pk = PA . Thus, ifl S0 (pi) givesa bounded,live andreversiblemarkingfor
net S, then l N0 (pj) givesa bounded,live andreversible
marking for net N.

3.3. Timing Analysis of the MIMO Structur e
In the sequel,we will discusstiming issueswith re-

spectto two different operationsthat may usethe sameset
of resources.Restrictingthenumberof resourcesrepresented
within an individual MIMO subnetto two, allows the de-
signer to apply widely studiedresourcedeadlockavoidance
strategiesfrom the literaturein the constructionof a two in-
put, two outputsubnet4. It is to benotedthat theconstruction
of a equivalentSISOstructureandthefollowing analysis,can
be donerecursivelyto more than two WDBs or WDBs that
sharemore than two resources.

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

Definition 10: Let o a and o b be the time durationof the
subnetsXA and XB respectively.

Definition 11: Let o ai and o ai prq\sutvsxw be the time
durationfor theacquiringandreleasingof resourceassociated
with placepri by subnetXA , respectively.

Definition 12: Let o ak and o af be the time durationfor
the acquiringthe last requiredresourceandreleasingthe last
resourceusedwith the subnetXA , respectively.

Definition 13: tcd: This denotesthe absolutetime for
the variouscases.In our analysis, qysxz�{�|�s~} , wherec
standsfor the subscriptsof the timesshownin Figure5 and
d denotesthe various cases. Thus, t24, denotesthe time t2
in Figure 5–4.

Definition 14: tki , k � (a, b) and q�s�tXs�w : This
denotesthe requestingtime of resourcepri by subnetXA or
XB.

Definition 15: tki p , k � (a, b) and q�s�t�s�w : This
denotesthereleasingtimeof resourcepri by subnetXA or XB.

It can be noticed that:
• o af neednot necessarilybe o akp .
• � q�s t�s w�� o ai < o ai p .
• o af = max { o ai p }; q�s tXs�w .

Given this background,considerthe timing diagramin
Figure5 for theH-EPNsubnetsconsideredin Figures3 and4.

Thereexist four generalcasesthatmaybeconsideredto
establishan upperbound(UB) on the time constraintfor the
durationof subnetsat a higher level. Theseare:

Case1: There is no overlapbetweenthe operatingtime
durationsof subnetsXA and XB: This meansthe operation
pertainingto subnet,XA , is completedbefore the operation

4 Note that this doesnot meanthat the numberof resourcesutilized by a multi-
subnethierarchyneedsto be restrictedto two. It allows the definition of a resource
hierarchy specificationwhere resourcesmay be abstractedin a subsequentsubnet
structure.
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�

τ b

τ �
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�

τ� ���
τ �M�

Figure 5. MIMO SubnetTiming Analysis

associatedwith subnet,XB, is initiated. This is illustratedin
Figure 5–1. This is also visually noticeablein Figure 4 for
net,N. This meansthat all the resourcesassociatedwith the
subnet,X, areavailablebeforethe initiation of operationsof
subnets,XA or XB.

Case2: There is an overlapbetweentheoperatingtime
durationsof subnetsXA andXB, butsubnetXB requeststheuse
of its first resource, pb1, only after all the resources gained
by subnetXA have beenreleased: This case is illustrated
in Figure 5–2. There does not exist any problem for the
operationof the two subnetsin this casesince there is no
possibility of the subnetsbeing actually tied up waiting for
someresource.

Case3: There is an overlapbetweentheoperatingtime
durationsof subnetsXA and XB, and subnetXB requeststhe
useof its first resource pb1 before all the resourcesgainedby
subnetXA havebeenreleased: This situationis illustratedin
Figure5–3. In sucha situation,therecould exist a delay in
the operationsassociatedwith subnetXB. The largestdelay
occurswhen the last releasedresourceof subnetXA is the
first requestedresourceof subnetXB.

Case4: There is an overlapbetweentheoperatingtime
durationsof subnetsXA and XB, and subnetXB requeststhe
useof its first resource pb1 before all the resourcesusedby
subnetXA havebeenrequested:This situationis illustratedin
Figure5–4. The largestdelayoccurswhenthe last requested
resourceof subnetXA is thefirst requestedresourceof subnet
XB.

Theorem4: WhenN is live and deadlockfree,then

������n�F��+���V�W� ���������
(8).

Proof: We will assumethat all the resourcespr1, pr2, pr3, .........,
prj , .........,prk aregainedandreleasedby the two subnets.Consider
that pa1, pa2, pa3, ........., paj, ........., pal, �4�%�\ ¢¡ , is the order of



resourcesacquiredfor subnetXA andpb1, pb2, pb3, .........,pbj, .........,
pbl, �����£ ¤¡ , is theorderof resourcesacquiredfor subnetXB. The
least time value of t42 is:¥)¦�§¨Z©KªW«M¬®­�¦-¯A°�±-²³°®±�´Jµ·¶¸±-²�µ·±-²&¹#º

(9).

Figure5 illustratesthe variouscasesinvolved and the proof of the
theoremconsistsof establishingthe boundsfor all thesecases.The
proof is not derivedheredueto spacelimitationsandthe interested
readeris referredto [5]. »
4. Example

In this section,we will demonstratethe useof activator
arcsin constructingandanalyzingMIMO netsin an example
assemblyprocess.The exampleis illustratedin Figure6. It
consistsof threeworkstationsA, B, andC, and two robots,
RA andRB. An input job is first processedby A andsubse-
quentlyprocessedby eitherB or C. The robot RA is usedin
the operationsof A and is 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 havethecapabilityto schedulejobsbasedon certainprior-
ity constraints,andthushavethe ability to maintainpriority
queuesof incomingjobs. All stationsareservedby anactive
resourceR1. R1 is failure proneandhasan active standby,
R2, usedduring dynamicfailure situations.
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B
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r
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uf
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r

Robot A

Robot B

Figure 6. An Example AssemblyLine

Thesystemmodelis derivedfollowing thehybrid design
methodologydescribedin sectionthree for 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 operationsthat arecarriedout on the
variousmachinesaremodeledthrougha bottomup synthesis
technique.Solid tokensin the varioussubnetsrepresentre-
sourcescomprisingthesystemdescriptionwhile dottedtokens
representtokensgeneratedduring systemoperations.The ss
placeregulatestheinput job flow, representedasan input job
in Figure7. This is modeledas illustratedin Figure1c. The
top level H-EPN model of Figure 7 is usedin conjunction
with the ss place.

4.1. Top-down SystemDecomposition
Figure 7 provides the top level H-EPN model of the

systemoperations.The modeltracesthe flow of an input job
throughthe systemandgivesa high level descriptionof the
systemoperations.While Figure7 representsworkstationC
with a singletoken,workstationsA andB arerepresentedby
the numbersn1 andn2 for indicating the maximumnumber
of jobs that the workstationscanmaintainin their individual
job queues. These jobs are then scheduledby a priority
schedulingalgorithmthat can handledynamicjob priorities.
The subnetsSA, SB and SC denotethe operationsof A, B,
and C, respectively.

output_job

Output
Buffer A

Input_job

Input 
Buffer BC

SA

SA’

SC’
SC

SB
SB’

SA, SB and SC: Sched Subnets

n1

n2

tA

tBtC
¼

 C B

 A

Robot RA

Figure 7. Top Level H-EPN SystemModel

The abovedescriptionof systemoperationsasmodeled
in Figure 7 is obtainedby the generalsystemdescription.
Althoughthepresenceof conjugateplacesis shownexplicitly
in the diagram, the modified SPNP packagehandlesthe
creationof theseconjugateplacesby meansof the highsub
function, discussedin detail in sectionIV-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 subnetsareWDBs5 that
sharecommon places,processjob-R1 and processjob-R2,
respectively. Thesesubnetsare called interactingsubnets.
Theactualsubnetfor processingan input job for themachine
is illustrated in Figure 8c. The QR sets associatedwith
the transitions tR1 and tR2 scheduleincoming jobs to be
processed.In casean overflow is detectedfor the priority
job queuesin workstationsA andB, QueueOverflowblocks
the acceptanceof new jobs at transitionstR1 and tR2. The
Switch place initiates the use of resourceR2 in caseof a
failure detectedin R1, and re-initiatesthe useof R1 onceit
is repaired.

Figure 9a illustrates the subnetmodel for actual job
processingby workstationsB and C. Robot RB, used for
loadingandunloadingof intermediatepartsontoworkstations
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 verification6 of the MIMO net is illustrated by Figure
10a. The equivalentSISOnet is illustratedin Figure10b.

5 WDBs areSISOnetsthat arelive, safeandreversible.
6 The analysisfollows from definition 5 in section3.
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4.3. Final SystemModel Integration

Thefinal H-EPNsystemmodelis generatedby integrat-
ing the equivalentSISOnet generatedin Figure10 with the
top-level decompositionof the systemmodel generatedin
Figure 7. This is achievedby associatingQR setswith the
transitionsthatareoutputto the input placeof theSISOsub-
net obtainedin Figure10. TheseQR setsindicatethe actual
flow of the input job throughthe assembly.

4.4. SystemSimulation
TheSPNPpackage[1] hasbeenusedfor the simulation

of the abovesystemand the importantsystempropertiesof
boundedness,livenessand reversibility have beenverified.
The performanceof the systemhas beenstudiedwith and
without theeffect of dynamicfailures. To executetheH-EPN
systemmodel using the SPNPpackagewe introducethree
extensionsto the net descriptionsthat can be provided by
SPNP,(i) Integrationof activatorarcs,(ii) Integrationof QR
sets,and,(iii) Integrationof MIMO subnetdescriptions.The
guard ( Ç ), watchdog( È ) and random( É ) functions defined
by the H-EPN systemmodel in equation(1) are simulated
by meansof the guard7, reward_typeand ratefun / ratedep
functions in SPNP.

To useSPNPfor simulatingthe H-EPN model, the ac-
tivator arcs have to be transformedto SPNPspecifications
without affecting the expectedsystem behavior. This is
achieveddefining the functions aarc and maarc. aarc rep-
resentsthe activator arc definition with arc weight 1 and
maarc representsthe 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_name”, “place_name”,m, prio). The pri-
ority functionestablishesa defaultpriority of prio insteadof
the defaultSPNPtransitionpriority valueof 0. The userhas
to ensurethat prio is larger thanany otherpriority valuethat
is assignedfor othertransitions,so thatH-EPNsareproperly
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 illustrated in Figure 11.

The QR set definitions are dependentupon the pack-
agesability to specifyactivatorandinhibitor arcsfor a given
transition. Therefore,the function qrset is defined. It trans-
forms theQR setdefinitionsinto correspondingactivatorand
inhibitor arc definitions. The qrset function has the follow-
ing syntax. qrset(“transition_name”,“inhibitor_place_set”
,“activator_place_set”).

Subnetdescriptionby meansof the SPNPpackageis
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
subnetscannot be duplicatedif they model sharedsystem
resources;if theH-EPNsubnetdefinitioncontainsplacesthat
hold control (solid) tokens. This is acheivedby the highsub
routine, which essentiallycreatesa conjugateplaceand the
respectiveinput and output arcsto both the conjugateplace
and the actual subnet input place. All other subnetswill
be called using a lowsub function call. The lowsub routine
essentiallyduplicatesthe subnetalongwith 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
parametersto lowsubfunction,but ratherthesubnetdefinition

7 The enabling_typefunctions in earlier SPNPversionsare called the guard in
SPNPversion4.0.



is passedas an argumentto sisofun. However,for highsub
the actual definition of the subnetexists within the normal
net description. Moreover, i and j are usedas seedsfor for
renamingplacesand transitionsand to specify other special
subnetcharacteristics.For example,in Figure 10, n can be
modifed accordinglyfor workstationsA and B for analysis
dependingon theactualnumberof jobs (n1 andn2 in Figure
7, respectively)that they canprocesssimultaneously.

highsub(“subnet_place_name”, “input_trans” ,“out-
put_trans”, “in_place”,“out_place”, i)

lowsub(“subnet_place_name”, sisofun, “input_trans”
,“output_trans”, j)

H−EPN Specification 
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SPNP Specification 
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Figure 11. Activator Arc Transformations

5. Conclusions
In this paper,activatorarcshave beenusedas a basis

for the constructionof QR sets essentialin the generation
of MIMO netsand the constructionof structuredPN mod-
els. QR sets have beenused in deriving a transformation
from MIMO nets generatedby meansbottom up synthesis
techniquesto SISO nets. The use of the context sensitive

conjugateplaceduring subnetactivationsis usedfor reactive
decisionmakingin situationswherethesubnetcharacteristics
aredictatedby higher level net initiations. Suchcharacteris-
tics canrepresenteithertiming or semanticrelatedbehavior.
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