In: Proc. of the 3rd IASTED Int. Conf. on Robotics and Manufacturing, Canc�n, Mexico, pp. 380—383, 1995.Modeling of Manufacturing Systems andProduction Routes Using Colored Petri NetsArmin ZimmermannTechnische Universit�t Berlin, Real-Time Systems and Robotics GroupSekr. FR 2-2, Franklinstr. 28/29, 10587 Berlin, GermanyElectronic Mail: azi@cs.tu-berlin.deAbstractModeling and performance evaluation play a major rolefor the design of today�s manufacturing systems. Thispaper adresses the modeling of manufacturing systemswith Petri nets. A new method is proposed, facilitatingthe independent modeling of the manufacturing system�sstructure and the production routes of the parts beingprocessed. Both models use the same specialized type ofColored Petri Nets, tailored for the modeling of manufac-turing systems. The model parts are automaticallycompiled into a complete model, which describes thebehavior of the whole system.Key WordsModeling, Manufacturing Systems, Colored Petri Nets1.IntroductionModern manufacturing systems are characterized by a rapidchange of the production mix and an increasing amount ofautomated processes. Due to many different product typesthe production process becomes more and more complex.Therefore, the design and investment costs for manufac-turing systems are rising.Therefore modeling and performance evaluation ofmanufacturing systems play a major role in an efficientdesign of such systems. Starting from a model, the correctbehavior can be checked in a first step. Furthermore, therelevant performance measures can be obtained usingperformance evaluation techniques. Those measuresinclude the system throughput, utilization of theresources, and reliability measures. The comparison ofdifferent variations of a manufacturing system leads to anoptimized system.In this paper a new modeling method for manu-facturing systems is described. The main contribution liesin the independent modeling of the manufacturingsystem�s structure and the production routes with onespecialized kind of Petri net. The resulting model partscan then be compiled automatically into a completemodel. This leads to a modeling method, which is muchbetter suited for the design of manufacturing systems thanthe known types of Petri nets.Stochastic Petri nets [1] are a powerful tool for themodeling and analysis of manufacturing systems. Theyrepresent a graphical description method which has gainedincreasing acceptance for the modeling of discrete eventsystems. Petri nets can be used throughout thespecification, modeling, qualitative validation and per-formance evaluation [6].Manufacturing systems [2], [7] and flexible manufac-turing systems [6] have often been modeled in theliterature. In the past, different approaches to themodeling of them with specialized Petri nets have beenmade. For instance, Bruno et. al. introduced Prot nets [3]as an extension with marking-dependant arc expressionsfor the modeling of discrete event systems.However, uncolored nets have proved to be unsuitablefor the modeling of realistic manufacturing systemsbecause of the resulting complex models. Among themain reasons for this are the absence of distinguishabletokens and the impossibility of hierarchical modeling.Therefore, Colored Petri Nets (CPNs, [4]) were used tomodel manufacturing systems [7]. CPNs offer asubstantially higher level of modeling, but contain com-plex definitions of colors, types and variables. Theirgraphical representation includes many textual expres-sions. To overcome this problem, a special kind of CPNshas been introduced in [8], which is tailored for themodeling of manufacturing systems. This method is usedas a basis for the work presented in this paper.2.A New Modeling Method for Manufac-turing Systems and Production RoutesOpposed to uncolored Petri nets, Colored Petri Nets offermore advanced facilities like distinguishable tokens andhierarchical modeling. The pure graphical descriptionmethod of Petri nets is, however, hampered by the need todefine color types and variables in some kind of aprogramming language.To solve this problem, in [8] a new method for themodeling of manufacturing systems is presented, incorp-orating the benefits of both types of Petri nets. The mainidea lies in the pre-definition of two color types (part andstate), which are sufficient for the modeling area ofmanufacturing systems. Tokens of type part model work-pieces inside the manufacturing system, and consist of adescription of the part�s name and current state, e.g.wheel.raw. Tokens of type state do not have a specialcolor, and are therefore equivalent to tokens from un-colored Petri nets. They are used to model states ofresources (e.g. a busy machine) and can be drawn as dotslike in uncolored nets.Places can contain only tokens of one type, thereforethey are either of type state or part. Places of type partmodel the possible locations of workpieces like buffers.To avoid the textual description of the place type as inCPNs, places of type part are drawn as thick circles,while places of type state are drawn thin. Each input andoutput arc is connected to exactly one place, and onlytokens of the place�s assigned color type can �flowthrough� it. Therefore, arcs are drawn thick or thin aswell, corresponding to their associated color type.Using this method, the textual descriptions needed in

CPNs for the definition of variables and color types canbe left out, and the inscriptions describing the types ofplaces and arcs are unnecessary. The modeling processbecomes easier and uses more graphical elements. Themodel of the manufacturing system�s structure resemblesthe real structure, which makes it easier to understand.To meet the requirements of a modeling technique formanufacturing systems, the structure of the manufacturingsystem has to be modeled independently of the productionroutes. Otherwise, the whole model would have to beconstructed again for each variation of the product�sroutes through the system. This problem has not beensolved adequatly by the existing approaches to themodeling of manufacturing systems with Petri nets. Wepresent a method to describe the manufacturing system�sstructure and the production routes seperately with Petrinets. The ideas briefly described above (taken from [8])are applied to both model parts.Although the Petri net describing the productionroutes is separated from the structural model, there is aconnection between the two model parts in reality,because each of the processing steps of the productionroutes has to be carried out on a machine which exists inthe manufacturing system. Therefore, a production routecan be thought of as a path through the manufacturingsystem. A similar relationship between the model partsexists on the modeling level. Every transition from theproduction route models corresponds to a transition fromthe structural model, which means that the productionroute action is executed by the modeled machine. Weintroduce the term associated Petri nets for the productionroute models, because they are associated in the abovementioned way to the model of the manufacturingsystem�s strucure.The application of the predefined color types intro-duced in [8] makes is possible to avoid the arc expres-sions and definitions of colors otherwise required inCPNs. The different properties of the transitions, whichdepend on the markings, are specified in a transitiontable (see Section 2.3). This table contains the set of allpossible bindings of each transition together with thecorresponding firing conditions and delays. The transitiontable therefore replaces the guard and arc expressions usedin CPNs, and is automatically derived from the associatedPetri nets. After enriching the structural model with thetransition table, it describes the behavior of the completemanufacturing system.2.1An ExampleWe use the simple manufacturing cell shown in Fig.˚1 asan example. Two machines M1 and M2 assemble andprocess parts A and B. Parts of type A enter the system inraw state (A.0) via the loading station LD1, parts of typeB.0 via the loading station LD2, and small parts of typeC.0 are stored in ST. Machine M1 assembles one part ofC.0A.0A.1B.0A.1, B.0M2DrillingM1Assembly LD1Load 1UNLUnloadBFBufferLD2Load 2ST

Stock

A.2, B.1TRTransport

Figure 1: Layout of the manufacturing systemtype A.0 and two of type C.0. The resulting parts A.1 arekept in an intermediate buffer B F together with thearriving parts of type B . 0 . The transport system T R brings them to the drilling machine M2. After havingbeen processed by M2, the finished parts of type A.2 andB.1 leave the cell via the unloading station UNL.

A.2C.0A.02B.0B.1DrillingAssemblyDrilling

A.1Figure 2: Work plans of the two productsFig. 2 shows the work plans of the two products A and B,describing their processing steps and assembly operations(what is to be done). The production routes additionallyspecify the machines, on which the processing steps arecarried out (what is where to be done).2.2Modeling the Structure of the Manu-facturing SystemCPNs consist of p a g e s , thus allowing hierarchicalmodeling. Fig. 3 shows the page STRUCTURE, whichmodels the structure of our example. Such a model can bederived directly from an outline of the manufacturingsystems layout as it is shown in Fig. 1. Buffers and otherpossible locations of parts correspond to places of thePetri net, while machines and transport facilities aremodeled with transitions. Therefore, there is a similarityLD1M1

M1BSTRUCTUREBF M2B TRM2

LD2LSTST

UNLULB

Figure 3: Petri net model of the manufacturingsystems structurebetween the shape of the Petri net model and the manu-facturing systems structure. In Fig.˚3 the mentionedmodel is shown for the example. It describes the modeledsystem at the highest level of abstraction and is used as abasis for further refinements. Refined transitions arecalled substitution transitions and are depicted as a boxwith the upper and lower side drawn thick (see transitionsM1, TM, and M2). For each substitution transition there hasto be a subpage, describing the behavior of the modeledresource more thoroughly at a lower level of hierarchy.Fig.˚4 shows the subpage MACHINE2 (corresponding totransition M2 of the main model) as an example.Parts located in the machine�s input buffer PRE can beloaded into the machine, when the transition MLOAD firesthe token to the place WORK. The processing of the part is

In

MLOADMUNLDPREPOSTDRILLING[#OK = 1]OutFAILEDFAILREPOK

MACHINE2PRE5.23.5300100000PREPREPOSTPOSTPOSTWORK

Figure 4: Refined model of machine 2modeled by the transition DRILLING, changing the stateof the token. After finishing this operation, the part isunloaded from the machine (transition MUNLD fires) andleaves the submodel via the buffer POST. At this level ofdescription, for each transition a default firing time canbe specified (5.2 and 3.5 units of time for MLOAD andMUNLD, respectively). Later on, this default value can beoverridden by a time depending on the actual part beingprocessed.The names of places written in italics at the arcs (PREand POST) are used to describe the modification of theparts. In the example, only the firing of transitionDRILLING changes the token type, while all other trans-itions only move the tokens to other places. After theproduction routes have been defined, the actual partsbeing processed by this machine are substituted for theplace names. The meaning of PRE at an arc is as follows:the type of tokens fired through this arc corresponds tothe type of the token when it arrived in place PRE.The failure and repair of the machine are modeled bythe firing of the transitions FAIL and REP, and the delaysof them are specified as 100 000 and 300 units of time,respectively. The machine can only work if it is notfailed. Therefore, the transition DRILLING has a guardfunction [#OK=1].2.3Modeling of the Production RoutesAfter having described the structure of the manufacturingsystem, in this section the modeling of the productionroutes with Petri nets is introduced. To the best of theauthors knowledge, this is the first attempt to modelproduction routes with CPNs. The Petri net models of theproduction routes are shown in Fig.˚5 for the example.They can easily be derived from the work plans.While obtaining a model of the production routes, anadditional step has to be performed: resources have to beassigned to the work plan actions, thus determining thepossible paths of the parts through the manufacturingsystem. Different possible ways to process a part can bemodeled using conflicting transitions, but to keep theexample easy, we do not consider this case here.Fig.˚5 depicts the associated Petri nets of the produc-tion routes. An associated Petri net describes a paththrough the structural model of the manufacturing system,and entirely consists of places and transitions which arealso a part of the structural model. Each associated Petrinet �starts� and �ends� with a transition describing thesystem�s input or output, or with a change to anotherasscociated net.To model the behavior of the manufacturing systemwhile the parts are processed, the associated Petri nets areLD1

M1BM1

WPL:CWPL:AWPL:BA.0A.12*C.0B.0A.0A.1A.1C.0UNLUNLLD2ST

BFM2B

ULBULBM2B

BFTRM2M2TR

A.1A.2A.2B.0B.0B.0B.1B.1WPL:AWPL:CC.0C.0LSTST

Figure 5: Production route modelsautomatically compiled into transition tables. Thesetables describe all possible bindings of the transitions ofthe structural model, and consist of several entries. Afterthe name of the transition, an optional firing guard canbe specified in round brackets. The transition is onlyenabled, if this expression evaluates to true in a givenmarking. A list of all possible bindings follows in squarebrackets, each of them describing a possible assignmentof tokens to arcs of the transition. Additionally, a firingdelay is given for each binding, thus facilitating differentprocessing times of parts at one machine. Arcs arereferred to by the name of the place to which theyconnect the transition, together with their type (e.g.out#WORK).For substitution transitions a direct transition tablecannot be given because the transition itself serves onlyas a place-marker for the subpage. A substitution trans-ition�s entry in the transition table therefore starts withthe keyword substitution, the name of the subpage, andthe port assignments, which assign a place (port node) ofthe subpage to a place (socket node) of the superpage. Theentries for each subpage transition appear afterwards inthe transition table. Empty entries are left out.

Workplan AM2[substitution->MACHINE2: M2B->PRE,ULB->POST; MLOAD[in#PRE=A.1,out#WORK=A.1 ] DRILLING[in#WORK=A.1,out#WORK=A.2; 10.3 ] MUNLD[in#WORK=A.2,out#POST=A.2 ] ]

Workplan BM2[substitution->MACHINE2: M2B->PRE,ULB->POST; MLOAD[in#PRE=B.0,out#WORK=B.0 ] DRILLING[in#WORK=B.0,out#WORK=B.1; 8.8 ] MUNLD[in#WORK=B.0,out#POST=B.0 ] ]Table 1: Transition tables for machine 2The transition tables for the drilling machine and the twoworkplans are shown in table 1. The first row of the tablehas the following meaning: transition M2 is substituted by the subpage MACHINE2, while the places M2B and ULBare assigned to the places PRE and POST, respectively.Afterwards, the product-dependent behavior is given foreach transition of the subnet.The lineMLOAD [in#PRE=A.1, out#WORK=A.1]means that the transition MLOAD is enabled, if there is atoken of color A.1 in the input place PRE. If it fires, thistoken is moved to the place WORK.For all non-substitution transitions the entries in thetransition table can be derived easily from the Petri netmodels of the production routes: each time the transitionappears in the production route models, one row of thetable is generated. The part types and states are takendirectly from the production route model. If a delay isgiven, it is also put into the table.A little more work has to be done for substitutiontransitions. Instead of generating transition table entriesfor the transition itself, the transitions of the subpage areconsidered. It is known from the production routes, whichtypes of tokens arrive at the places surrounding thesubstitution transition. These places are assigned toplaces of the subnet by a substitution (this substitution ispart of the structural model of the manufacturing system).The place-marks set in italics in the subpage can than besubstituted by the token types entering the subpage viathe port nodes. The firing behavior of the subpagetransitions together with the token types determines thetransition table entry.Following this method, for each production route onetransition table is generated, incorporating informationsabout all possible bindings of the transitions and theirproperties.2.4Compilation of a Complete ModelTo model the behavior of the manufacturing system whileprocessing the parts as defined in the production routes,the Petri net model of the structure is enrichedautomatically with the informations contained in thetransition tables. For this reason, a combined transitiontable is generated for each transition of the structuralmodel. The table for transition M2 from the example isshown in table 2.M2[substitution->MACHINE2: M2B->PRE,ULB->POST; MLOAD[in#PRE=A.1,out#WORK=A.1;5.2 |in#PRE=B.0,out#WORK=B.0;5.2 ] DRILLING (#OK=1) [in#WORK=A.1, out#WORK=A.2; 10.3 |in#WORK=B.0, out#WORK=B.1; 8.8] MUNLD[in#WORK=A.2,out#POST=A.2;3.5 |in#WORK = B.0,out#POST = B.0;3.5 ] ]Table 2: Combined transition tableof machine 2All entries belonging to one transition of the structuralmodel are put together. The combined transition tableassociated to a transition consists of all those rows,connected by a logical OR (�|� in the table). The last partof each entry is the firing delay of the transition underthis binding, which is taken from the transition table ofthe production route. If a delay is omitted there, thedefault delay is taken from the model of the manufacturingsystem�s structure.The guards of the transitions (specified in the structuralmodel) are also copied into the combined transition tablebefore the different bindings (see DRILLING˚(#OK=1) inthe example).The generation of the combined transition tables canbe done automatically, because no additional informationsare required besides the existing model parts. Afterwards,there is a combined transition table associated to eachtransition of the manufacturing system�s structural model.This table describes the behavior of the transition underits different bindings.Starting from the automatically derived completemodel, qualitative and quantitative properties of themanufacturing system can be obtained with analysistechniques used for stochastic extensions of CPNs.3.ConclusionsIn this paper a new method for the modeling of manufac-turing systems is described. CPNs with several restric-tions and predefined color types [8] are used for thismethod, resulting in a more concise way of modeling.The main advantage of the technique proposed in thispaper lies in the independent modeling of the manufac-turing system�s structure and the production routes withone specialized kind of Petri net. The term associatedPetri nets is introduced for the models of the productionroutes. A modification of them does not necessitate achange of the structural model, thus reflecting that themanufacturing system is independent of the parts beingprocessed.A complete model can be derived automatically fromthe model parts. Structural properties and quantitativemeasures can be computed from the model, using numer-ical analysis or discrete event simulation.References[1]M. Ajmone Marsan, �Stochastic Petri Nets: AnElementary Introduction,� In G. Rozenberg (Ed.),Advances in Petri Nets 1989, Lecture Notes in ComputerScience 424, Springer 1990, 1—29.[2]R.Y. Al-Jaar, A.A. Desrochers, �Petri Nets inAutomation and Manufacturing,� In G.N. Saridis(Ed.): Advances in Automation and Robotics, Vol. 2,JAI Press, 1990.[3]G. Bruno, M. Morisio, �Petri-Net Based Simulationof Manufacturing Cells,� Proc. Int. Conf. on Roboticsand Automation, 1987, 1174—1179.[4]K. Jensen, Coloured Petri Nets: Basic Concepts,Analysis Methods and Practical Use, EATCSMonographs on Theoretical Computer Science,Springer 1992.[5]C. Lindemann, G. Ciardo, R. German, and G.Hommel, �Performability Modeling of an AutomatedManufacturing System with Deterministic andStochastic Petri Nets,� Proc. IEEE Int. Conf. onRobotics and Automation, 1993, 576—581.[6]M. Silva, R. Valette, �Petri Nets and FlexibleManufacturing,� In G. Rozenberg (Ed.) Advances inPetri Nets 1990, Lecture Notes in Computer Science424, Springer 1991, 364—417.[7]N. Viswanadham, Y. Narahari, �Coloured Petri NetModels for Automated Manufacturing Systems,�Proc. Int. Conf. on Robotics and Automation 1987,1985—1990,.[8]A. Zimmermann, �A Modeling Method for FlexibleManufacturing Systems based on Colored PetriNets,� Proc. of the Hong Kong Int. Workshop on NewDirections of Control and Manufacturing, 1994,147—154.