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Abstract - In this paper, Hierar chical Time-Extended Petri Nets
(H-EPNSs) are used for the modeling and simulation of complex
automated manufacturing system functionalities including
failures. H-EPNs allow for integrating the top-down and bottom-
up modeling techniques to effectively construct models of
automated manufacturing systems through the use of activator
arc extensions. This flexibility allows for the reuse of PN models
of independent subsystems to be easily integrated into any top-
down system decomposition.

l. INTRODUCTION

Automated manufacturing systemsare usually characterizedby
complexinteractionsbetweena variety of componentsthat include
distributed and parallel software, hardware, and communication
components.In additionthey increasinglyhavea large numberof
interfaces (both internal and external) that aid in sensingthe
operatingenvironmentswell asothersubsystemsThe numberof
interconnectionbetweentheir corresponding:omponentgendsto
be large and complex. Moreover,thesecomponentsvolve over
time, their logical and physical interactions change, and the
operational semanticsof the system change accordingly, often
leading to increasedsystem complexity. The major barrier in
building suchcomplexsystemsendsto be the overall coordination
and integration of these subsystemswith their conflicting

requirements specification, rather than individual subsystem

components. Suchsubsystemsalso interactin a complexmanner
with respect to shared system resourdeta,etc. Moreover,asthe
complexity of the systemincreasesjt becomesmore difficult to
acquireenoughknowledgeaboutthe systemparameterslueto the
complexity and the dynamic nature of the system operating
environment. To this end, the capturing of dynamic system

behaviorby a system model becomesan invaluable advantage.

Typical applicationsareasinclude manufacturing processcontrol,
aerospace, defense, transportation, communications, energy,
utilities, medical, health, and commercial data processing, etc.

In terms of software developmentfor such systems,the above
meanghat (i) the systemrequirementsre not alwaysexhaustively
specified at the beginning of the developmentprocess,(ii) the
processof adding more complex functionality and increasing/
modifying output requirements increases the possibility of
introducing catastrophicerrors, (iii) the meansof communication
betweenpersonnelfrom different specialisticdomainsis not well
defined, (iv) the design technique adopted for a particular
subsystemdesign must be independentof the overall system
design,therebyproviding moreflexibility to thetermsin chargeof
particularsubsystent moduledevelopment(v) it shouldbe easyto
integratesuch diverse design/ developmentapproachesnto the
overall system design, requiring minimum effort in testing,
validation and integration.

H-EPNS have been developedto efficiently capture design
constraints,thereby allowing for the easy developmentof PN
systemmodelsand utilizing alreadydevelopedsystemmodelsto
be integrated within a top-dowdecompositiorof anincremental
new systemdesign.In this paper,the H-EPN systemmodel is
easily derived using H-EPN modulesthat may be generically
definedfor any automatedmanufacturingsystem.Moreover,the
H-EPN model also allows for studying systemfailures that are
known apriori, thereby building error detection and recovery
processednto the H-EPN systemmodel. Such an approachwill
allow for tradeoffs to be established during the system
implementationphase, wherein certain simple (trivial) system
errors may be automatically handled by the system software.

This paper is structured as follows: In section Il, H-EPN
extensiongo PNs are discussedSectionslll and IV presentthe
exampleassemblyprocessandthe H-EPNsmodel of the complex
assembly operations in detail. Section V concludes the paper.

1. PETRI NET EXTENSIONS

Petri nets(PNs) are a graphicalformalizationfor the modeling
and specificationof dynamicsystems. Ordinary PNs consistof
threebasicelementsa setof placesa setof transitions,anda set
of arcs. Places representsystem processesand transitions
represensystemconditionsand events.Tokensin a placedenote
the statemarkingsof a PN. In ordinary PNs,a placecancontain
any numberof tokens.Arcs interconnectplacesand transitions
andarcsmay be weighted. A transitionis enabledf all the input
placescontainthe correctnumberof tokens. Whena transitionis
enabled,t canpossiblyfire. If it fires, tokensare removedfrom
the input place(s)and placedin the output place(s)accordingto
the arc weightsin the PN model. Figure 1 showsa simple PN
example Its operationsanbe describedas below: PlacesP1 and
P2 areinput placesto transitionT1 and P3 is the output placeto
transition T1. Since P1 and P2 contain input tokens, the
transitionT1 is enabled. WhenT1 fires, tokensin placesP1and
P2 are removed and an output token placed on place P3.

Before Firina T1

Figure 1. Example Petri Net
While ordinary PNs are quite useful in representingand
understandingcomplex systeminterconnectionsand operations,
they arenot suitedto modelreal world applicationsthat requirea
complexdecisionmaking structure.Ordinary PNs cannotresolve
conflicts or make decisionchoices.PNs extendedwith inhibitor

After Firing T1

arcsprovidethe ability to modeldecisionbehavior,however,they
arestill inhibited by their inability to representlepthin a complex
PN model. To this end, many PN extensionshave beendefined
and used in various applications. A summary of xtensiongo



manufacturingsystemsmay be found in [1-6] and references
therein.

H-EPNshavebeendefinedto modeland derive the coordination
level of athreelevel intelligentmachineorganizatior{1]. The place
extensionsnclude status,action, subnet,decision,and source-sink
places. A statusplaceis an ordinary PN place. An action place
represents some systettion. A subnefplaceis anabstractiorfor
an independent systemcomponentthat minimally interactswith
othersystemcomponents.A decisionplace represents binary /
multi-choice decision. A source-sinkplace representsa tokens’
entranceor departurefrom a PN. This placeis usefulin testingthe
system for boundednessproperties. H-EPNs are discussedin
greaterdetail in [1, 3]. Tokensin a H-EPN are distinguishedas
eithercontrol or flow tokens. A flow tokensdescribeghe flow of
systemresourcesn a dynamicsystemoperation,and are usefulin
representinghe input conditionsfor subnets. A control token is
usedin representingactual systemresourceand the presenceor
absencef thesetokenseitherdenotegesourceavailability or other
systeminformation suchas messagesgtc. Arc extensionsnclude
the definition of two zero weightedarcs: inhibitor and activator
arcs. Similar to the definitionsin otherPN extensionsan inhibitor
arc allows a transitionto be enabledonly if thereare no tokensin
the placebelongingto thearc. An activatorarc allows a transition
to be enabledonly if thereis a tokenis in the precedingplace.In
situationssuchas conflicts and messaggassingto multiple areas
of the subsystemthe activator arc is used effectively to enforce
priorities and to duplicate data over multiple channelswithout
increasingthe needfor a large numberof tokensand associated
complexities, respectively. Figure 3 depicts the behafiorhibitor
and activator arcs
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Figure 2. H-EPN Extensions
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Figure 3. Arc Behavior
H-EPNs allow for the modeling of systemsas a collection of

understandingf systemstructureand organizationby meansof
visually explicit semantics.

Il. EXAMPLE SYSTEM

The robot assemblyworkstationis shownin Figure 4a. The
workstationassembles productfrom four different parts: A, B,
C, and D respectively. The final part S4 is formed from a
combinationof partsA, B, C and D. There are three possible
subassemblieasillustratedin Figure4b. PartsA, B, C, andD
are moved along the input conveyerbelt. The four parts may
arrive in random order, but the parts always come together.
Whena partis in front of the camera,the cameraidentifies the
part and the manipulator(robotic arm) is requestedo fetch the
part. When the manipulatorfetchesthe part, the part is either
bufferedin the correctbuffer or mated. Part A must always be
buffered. The other parts (B, C, and D) may or may not be
buffered.
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Figurea. Workstation Configuration Figureb. Possible Subassemblies: S1, &2, S3

Figure4. The Assembly

There are two basic methodsof assembly. The first method
requirespart A and part D be buffered. If part A is alreadyin
buffer A, partB is fetchedfrom the buffer B or the conveyerand
matedwith part A to form subassemblys1 which is storedin
buffer1. S2is producedn a similar mannerusingpartsC andD
andstoredin Buffer 4. If S1landS2areassemble@ndstored,S2
is fetchedandmatedwith S1in buffer A. This producegpart S4.
ThenS4is movedto the end conveyerbelt. The assemblyof S1
may be done before or after the assembly of S2.

The secondmethodof assemblyconsistsof assemblingS1 as
statedabove thenpart C is fetchedfrom buffer C or the conveyer
and matedwith S1to form part S3. ThenpartD is fetchedfrom
buffer D or from the conveyerand matedwith S3to form part S4,
which is later moved to the output conveyor belt.

V. H-EPN SysTEM MODEL

The H-EPN model is split up into subnetsand the collective
functioningof theseH-EPN subnetdefinesthe assemblyprocess.

interacting nets. From a H-EPN system modeling point of view, tA@ble 1 providesa descriptionof the placesandtransitionsin the

operationsof a large systemis representedy the executionof
looselyrelatedsubnetscalledinteractingsubnetghat closelyrelate
to a bottom-up synthesisof a system model. H-EPNs allow
distribution of control information and encapsulation of sub-
system resources andtherebyfacilitate the integrationof top-down
design and bottom-up design philosophies. The activator arc
extensionsllows for the easytransformatiorof a setof bottom-up
synthesizedsubnets(MIMO modules)to be convertedto a SISO
netstructureandtherebybe usedin a top-downdecompositiorof a
system model. This techniqueallows for the creation of an
arbitrarily large net systemswhile preservingthe essentialnet
propertiesof boundednesdjvenessand reversiblity [3]. The H-
EPN approach therefore, allows for better definition and

H-EPN system model.
A. Move Subnet

Figure5 showsthe movesubnet. This subnetis responsibldor
the manipulatormoving a part from the conveyorbelt to a buffer,
or from a buffer to anotherbuffer, or from a buffer to a conveyer
belt. When a token entersthe move subnet,the partis moveda
small distance(P60). Thetokenthenadvancedo P61,wherethe
positionof the partis checked. If the partis atthe destinationthe
token moves on to P62. At P62, the part is placed at the
destination. Thenthe tokengoesout of the subnetat P63. If the
partis not at the destinationthe tokenmovesto P64. At P64,the
robotic manipulator checks for system state changesdue to



droppingof apart. If thereareno changesthe tokengoesbackto
P60. Else, the manipulator chedksseeif the partwasdropped. If
it was not dropped, the token goes back to R6the parthasbeen
droppedthe tokenadvancedo P66. Herethe manipulatorchecks
to seeif the partcanbe retrieved. If the partcannot be retrieved,
thetokenis sentto P67,that causesa systemalert. If the partcan
be retrieved,the token is passedto P69 which locatesthe part.
Thenthetokenis passedo P70and P71, which picks the partup.
After the part is retrieved, the token is sent to P60.
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Figure 5. Move Subnet
B. Request/Release Subnet

The request/releasesubnet is shown in Figure 6. The
request/releassubnetis usedto processhe requestandreleaseof
resourcesuchas the cameraor the manipulator.When a request
for aresourcds madea tokenentersplaceP20. TransitionT20 is
enabledonly if P26 containsa resourcetoken, therebycreatinga
gueue at placB20for the correspondingesource.A tokenin P26,
indicatesthat the resourceis free. PlaceP21 checksto seeif the
resource isvorking. If it is notworking, atokenentersP24. From
P24 an error messagesignaled. When the error is fixed, the
resource is entered back into the system thorough place P25.
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Figure 6. Request/Release Subnet
C. Identify Subnet

The identify subnetin Figure 7 usesthe camerato identify the
part. It isassumedhatthereoccurno input errorsandthataninput
group contains all the four distinct parts, A, B, C and D
respectively. Therefore, these parts are unigaelgtified. Oncethe
parts are identified four tokemsrrespondingo the four input parts
are placedin place P44 thatis usedas an input to the assembly
subnet.
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Figure 7. Identification of Part Subnet
D. Pick-Up Subnet

Figure 8 shows the pick up subnet. This subnet uses the
manipulatorto pick up the part. A tokenentersthe subnetat P80.
Thetokenadvancedo P81, causingthe armto advanceiowardthe
part. Thenthetokengoesto P82 whereit is determinedf the part
is within reach. If it is not reachablethe tokengoesbackto P81.

It is assumedhatthe robotusesa 4 parametetrajectoryplanning algorithm
using the (x, y, z, w) coordinates, where w represents the part weight.

If it is reachableatokengoesto P83. Herethe arm determinesf
the partis retrievable. If the part can not be retrieved,an error
messages realizedin P84. If the part can be picked up, it is
retrieved in P85. Then the token ii passed out of the subnet.
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Figure 8. Pick-Up Subnet
E. Assembly Subnet

The assemblyprocessis illustrated by Figures 9-13. These
figures representone large subnet,but for simplicity they have
been broken down in wistinctfigures. After enteringthe subnet,
atokenentersplaceP90,which correspondo partsA, B, C, or D
entering the assembly line.

In the assemblyof S1 (Figure9), part A or B is identified. If
part A is identified, it is fetched, and moved to the buffetf part
B is identified, it is fetchedandmovedto eitherbuffer 1 or buffer
2. If partA is notin buffer 1, partB is movedto the buffer 2 and
the manipulatoris released.Otherwise part B is movedto buffer
1(rather than buffer2) and mated with part A to form the
subassemblpl. After the matingthe manipulatoris released.If
partB is bufferedin buffer 2, the partwaits for partA to arrivein
buffer 1. WhenpartA is buffered,the manipulatoris requested.
Thenpart B is fetchedand movedto buffer 1. Hereit is mated
with part A andthe manipulatoris released.The assemblyof part
S2is donein the samemanner. PartD would mimic part A and
part C would mimic part B. The assemblyof S2 is shownin
Figure 10.

Figure 11 showsthe formationof part S3. PartC is identified,
fetched and moved. If pa®l hasbeenassembledndbufferedin
buffer 1, part C is movedto buffer 1 and matedwith part S1.
Then the manipulator is released. If Shasin buffer1, partC is
bufferedin buffer 3 andthe manipulatoris released.WhenS1is
assembledthe manipulatoris requested. Then part C is fetched
and moved to buffer 1. Here it is mated with S1 and the
manipulator is released. Part S3 is formed and stored in buffer 1.

The mating of parts S1 and S2 is showfigore 12. If partsS1
and S2 are in buffers 1 and 2 respectfully,the manipulatoris
requested.PartS2is fetchedand movedto buffer 1. Thenmated
with S1 to form S4. After the mating the manipulator is released.

The matting of parts S3 and D is shown in figure 13. If part D is
identified, it is fetched,andmoved. If partS3isin buffer 1, D is
movedto buffer 1 and matedwith S3. The manipulatoris then
released. If S3is not in bufferfdartD is bufferedin buffer 4 and
the manipulatoris released. When buffer 1 contains S3, the
manipulator is requested. Part Oétchedandmovedto buffer 1.
Here it is matted with S3. The manipulator is released an&GRart
is created.

F. System Model

Figure 14 showsthe entire system. A partis on the conveyer
belt (P1). The conveyerbelt advanceqP2). Now the partis in
front of the cameraon the conveyorbelt (P3). The camerais
requestedP4,P5). Thepartis identified (P6,P7). Whenthe part
is identified, the camerais releasedP8, P9). After the releaseof
the camera,the conveyeradvances,and the identified part is
assembledor buffered(P10,P11). After all the parts are
assembled, S4 arrives on the end conveyor belt (P12).
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Figure 14. Overall System Model
V. CONCLUSIONS

The H-EPN systemmodel was simulatedusing Visual Simnet
[7]. The system was tested for 100,00€omingpartswhich were
used to make 25,00afutgoingcomponents.Theimportantsystem
properties of boundedness,liveness and reversibility were
preserved.
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Places

Transitions

Places

Transitions

: Part on conveyor

: Advance conveyor

: Partin front of camera
: Request camera

: Request camera subnet
: Id Part

: Id Part subnet

: Release camera

: Release camera subnet
: Assembly

: Assembly subnet

: Final assembly complete
: Flush id tokens

: Enter request subnet
: Is resource working?
: Resource working

: Exit request subnet

: Error in resource

. Error fixed

: Control token place

: Enter release subnet
: Exit release subnet

. Camera identifies part
: Part identified/exit

: Part A identified

: Part B identified

: Part C identified

: Part D identified

: Move small distance

: Check position

: Release part

: Exit move

: Check weight

. Is part dropped?

: Can part be retrieved?
: Part unretrivable

: An error is realized

: Locate part

: Pick-Up part

: Pick-Up subnet

: Enter pick-up subnet
: Move arm

: Is part in reach?

: Can part be picked up?
: An error is realized

: Retrieve part

. Exit pick-up subnet

: Enter assembly

: Part A identified

: Request arm

: Request arm subnet
: Pick-Up

. Pick-Up subnet

. Move

: Move subnet

: Release arm

: Release arm subnet

P100: Part A in buffer 1
P101: Part B identified
P102: Request arm

P103: Request arm subnet
P104: Pick-Up

P105: Pick-Up subnet
P106: Where to move?
P107: Move

P108: Move subnet

P109: Release arm

P110: Release arm subnet
P111: Part B in buffer 2
P112: Request arm

P113: Request arm subnet
P114: Pick-Up

P115: Pick-Up subnet
P116: Move

P117: Move subnet

P118: Part B moved to buffer
P119: Move

P120: Move subnet

P121: Part B moved to buffer
P122: Mate parts A and B

T1: Part on conveyor

T2: Conveyor is advanced
T3: Begin id part

T4: Camera requested
T5: Part identified

T6: Camera is released
T7: Parts all assembled

T20:
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T26:
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TAl:
T42:
T43:
T44:
T60:
T61:
T62:
T63:
T64:
T65:
T66:
T67:
T68:
P69:
T70:
T71:
T72:
T73:
T80:
T81:
T82:
T83:
T84:
T85:
T86:
T87:
T90:
Tol:
T92:
T93:
T94:
T95:
T96:
T97:
T98:
T99:

T100:
T101:
T102:
T103:
T104:
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T106:
T107:
T108:
T109:
T110:
T150:
T151:
T152:
T153:
T154:
T155:
T156:
T157:
T158:
T159:
T160:
T161:
T162:
T163:
T164:
T165:
T166:
T167:

Get resource
Resource working
Out of request
Error in resource
Error fixed
Release resource/exit
For simulation
Part A identified
Part B identified
Part C identified
Part D identified
All parts identified
Arm moved
At destination
Part released
Part not at destination
Change in weight
No change in weight
Part dropped
Part not dropped
Part is retrievable
Part is not retrievable
Part located
Part retrieved
Part not retrievable
For simulation
Prepare to move arm
Arm moved
Part not in reach
Part in reach
Part unretrivable
Part is retrievable
Part retrieved
For simulation
Part A enters assembly
Arm requested
Part picked up
Part moved
Arm released
Part B enters assembly
Arm requested
Part picked up
Buffer part B
Part B moved
Arm released
Part A is ready
Arm requested
Part picked up
Part moved
Ready to mate
Mate part B
Part B moved
Ready to mate
A and B mated
Arm released
Part D enters assembly
Arm requested
Part picked up
Part moved
Arm released
Part C enters assembly
Arm requested
Part picked up
Buffer part C
Part C moved
Arm released
Part D is ready
Arm requested
Part picked up
Part moved
Ready to mate
Mate part C
Part C moved
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P253:
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P255:
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P260:
P261:
P262:
P263:
P300:
P301:
P302:
P303:
P304:
P305:
P306:
P307:
P308:
P309:
P310:

Release arm
Release arm subnet
Part S1 in buffer 1
Part D identified
Request arm
Request arm subnet
Pick-Up

Pick-Up subnet
Move

Move subnet
Release arm
Release arm subnet
Part D in buffer 4
Part C identified
Request arm
Request arm subnet
Pick-Up

Pick-Up subnet
Where to move?
Move

Move subnet
Release arm
Release arm subnet
Part C in buffer 3
Request arm
Request arm subnet
Pick-Up

Pick-Up subnet
Move

Move subnet

Part C moved to buffer
Move

Move subnet

Part C moved to buffer
Mate parts C and D
Release arm
Release arm subnet
Part S2 in buffer 4
Where to move?
Request arm
Request arm subnet
Pick-Up

Pick-Up subnet
Move

Move subnet

Part S2 ready to mate
Mate S1 and S2
Part S4 in buffer 1
Pick-Up

Pick-Up subnet
Move

Move subnet
Release arm
Release arm subnet
Part on conveyor/Exit
Request arm
Request arm subnet
Pick-Up

Pick-Up subnet
Move

Move subnet

Part C ready to mate
Move

Move subnet

Parts ready to mate
Mate S1 and C
Release arm
Release arm subnet
Part S3 in buffer 1
Request arm
Request arm subnet
Pick-Up

Pick-Up subnet
Move

Move subnet

Part S3 ready to mate
Move

Move subnet

Parts ready to mate
Mate S3 and D

T168:
T169:
T170:
T171:
T200:
T201:
T202:
T203:
T204:
T205:
T206:
T207:
T208:
T209:
T250:
T251:
T252:
T253:
T254:
T255:
T256:
T257:
T258:
T259:
T300:
T301:
T302:
T303:
T304:
T305:
T306:
T307:
T308:

Ready to mate

C and D mated
Arm released
Where to move?
Part s are ready
Arm requested

Part picked up

Part moved

Ready to mate
Parts mated

Ready to exit

Part picked up

Part moved

Arm released

Parts ready

Arm requested

Part picked up

Part moved

Parts ready to mate
Parts are ready
Part moved

Parts ready to mate
Parts mated

Arm released

Parts ready

Arm requested

Part picked up

Part moved

Parts ready to mate
Parts are ready
Part moved

Parts ready to mate
Parts mated

Table 1: Description of Places and Transitions



