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Abstract. Timed Petri nets can be used for the modeling and analysis of a wide
range of concurrent discrete-event systems, e.g. production systems. This pa-
per describes how to apply production management data and timed Petri nets
to the modeling of production systems. Information about the structure of a pro-
duction facility and about the products that can be produced is usually given in
production-data management systems. We describe a method for using these data
to algorithmically build a Petri-net model. The Petri-net model can be further
used to develop different analyses of the treated system.

1 Introduction

Any production management information system requires a detailed plan of production
operations. This can be achieved with a variety of software tools, which are capable of
(near optimal) scheduling the operations that are performed on different manufacturing
equipment, taking into account the finite number of available resources, precedence
constraints, etc.

In general, an adequate model of the production process is needed in order to de-
rive a feasible schedule that can be realized on the available manufacturing equipment.
Within the changing production environment the effectiveness of production modeling
is therefore a prerequisite for a successful scheduling system.

Petri nets (PN) represent a powerful graphical and mathematical modeling tool [9].
Many different extensions of classical PNs exist, and these are able to model a variety
of real systems. In particular, timed Petri nets can be used to model and analyze a wide
range of concurrent discrete-event systems [1], [4], [5], [14]. Several previous stud-
ies have addressed the timed Petri-net-based analysis of discrete-event systems. Lopez
[7], for example, deals with the simulation of the deterministic timed Petri net for both
timed places and timed transitions by using the firing-duration concept of time imple-
mentation. Petri nets can also be used in the design and operation of batch processes
[8]. Aalst [2] discusses the use of Petri nets in the context of workflow management.
There exists a lot of literature on the applicability of the PNs in the modelling, analysis,
synthesis and implementation of systems in the manufacturing applications domain. For
example, a comprehensive bibliography can be found in [15]. Authors in [10] show that
management strategies can be appropriately modeled by means of PNs. Strategies that
are considered in the article are push, pull and kanban strategy. Yu et al. [13] propose a
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new class of Petri nets, called Buffer nets, for modelingifflexmanufacturing systems
(FMS). They present an approach that can build up a Petriroet & FMS specifica-
tion language. Tacconi [11] used the discrete-event matate equation together with
the Petri net state equation to obtain a complete dynamésadrgption of a production
system.

A Petri-net model can be used to analyze a modeled systenicdlqgoperties,
such as operability, the absence of deadlock, safety aratdgzetc. can be analyzed,
verified and validated. When time is integrated into PN madglantitive performance
indices, such as cycle time, production rates and resouiization, can be derived
and evaluated. With this analysis different possible tagiedules can be evaluated.
The schedules obtained using PN theory are event-drivedeamtiock free. Their other
feature is that the completition time or makespan criteisdhe optimization objective.

The information about the structure of a production fagiéihd about the products
that can be produced is usually given in the form of ManufactuResource Planning
(MRP 1) which is a common way to express the production managnt systems.
With these systems an additional scheduling tool can berajgek In this configuration
the company can plan future activities while anticipatihg market, but at the same
time being flexible enough to handle changes in the short {8fimCzerwinski [6]
proposed a method for scheduling products with the bill efritaterial (BOM), using
an improved Lagrangian Relaxation technique. An approaesgmted by Yeh [12]
maintains production data by using a bill of manufacture KB, which integrates the
BOM and the routing data. Production data are then used &rdete the production
jobs that need to be completed in order to meet demands.

Our work is based on using the data from production managesystems where
the product structure is given in the form of the BOM and thecpss structure in the
form of routings. These two groups of data items, togetheh wie work centers as
capacity units, form the basic elements of the manufagysiocess. In this paper we
propose a method for using these data to automate the precetibuilding up the
Petri-net model of a production system.

In the next section we describe timed Petri nets, where timatioduced by using
the holding-durations concept. Section 3 describes a rdefithomodeling the basic
production activities with such a PN is described. In additithe procedure for using
existing data from production-data management systemsilid & model of an overall
production system is presented. Finally, the conclusioepeesented in section 5.

2 Timed Petri nets

Petri nets are a graphical and mathematical modeling t@tlithapplicable to many
systems. Using Petri nets it is possible to study infornmafioocessing systems that are
characterized as being concurrent, asynchronous andgbaral

A Petri net is a bipartite directed graph with two types of @gdcalled places and
transitions. Nodes are interconnected by directed arate 8f the system is denoted by
distribution of tokens (called marking) over the places.Mdan be represented by the
multiple PN = (P, T, 1,0, M), where:

— P = (p1,p2,ps, ..., Pn) is a finite set of places,
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— T = (t1,t2,ts3, ..., t,) is a finite set of transitions,

—I: (P xT)— Nis the input arc function. It input arcs connegt; to t;, then
I(pj, tl) =k.

— O : (P xT) — Nis the output arc function. It output arcs conneet to p;, then
O(pj, ti) =k.

— My, : P — Nis the initial marking.

A transitiont; is enabled by a given marking if, and only ¥/ (p;) > I(p,,t;) for
all p; € P. An enabled transition can fire, and as a result remove tokens input
places and create tokens in output places. If the trangitifires, then the new marking
is given byM’(p;) = M (p;) + O(p;, t:) — 1(p;, ti).

An important concept in PNs is that of conflict. Conflict oczbetween transitions
that are enabled by the same marking, where the firing of @msition disables the
other transition. Also, concurrency (parallel activijiean easily be expressed in terms
of a PN. A situation where conflict and concurrency are misechiled a confusion.

The concept of time is not explicitly given in the originalfihtion of Petri nets.
However, for the performance evaluation and schedulindglpros of dynamic sys-
tems it is necessary to introduce time delays. As describ@dl, there are three basic
ways of representing time in Petri nets: firing durationddimgy durations and enabling
durations. The names given to Petri nets augmented with\tane greatly from one
researcher to another. Time delays can be assigned to giatessitions. Given that
a transition represents an event, it is natural that timaydethould be associated with
transitions. Holding durations work by classifying tokent® two types, available and
unavailable. Available tokens can be used to enable a timmsihereas unavailable
tokens cannot. To each transition a time duration is asdigaed when firing occurs,
the action of removing and creating tokens happens instantsly. However, the cre-
ated tokens are not available to enable new transition$ tinety have been in their
output place for the time specified by the transition thaatad them. This principle is
graphically represented in Figure 1.

@O+l O G+ O~f—@

Fig. 1. Timed Petri net with holding durations

By using holding durations the formal representation oftthreed Petri net is ex-
tended with the information of time, represented by the iplettP N = (P, T, I, 0, My,
Timestamp, Time_t), where:

- P,T,I,0, M, are the same as above,

— Timestamp : P — 28] . To each place; € P a set of non-negative real numbers
is associated, representing timestamps of tokens residihg place.

— Timet : T — R(J{ is the function that assigns to each transitipre 7" a time
delay.
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To each transition fixed time delay is associated as destwitb Time_t function.
The state of a timed Petri net is given by the distributionob&ns over the places and
the corresponding timestamps of the tokens. To each token-aegative real number
(timestamp) is associated, which defines for how many tinits whe token remains
unavailable. Available token has a timestamp with valuenOarty time interval, the
marking is defined with\/ = M, + M,,, such that), is made of available and/,,
of unavailable tokens. A transitioty is enabled by a given marking if, and only if
M,(p;) = I(pj,t;) forall p; € P. The firing of transitions is considered instantaneous.
The model remains at a given model time as long as there abéeghtaansitions. A new
marking is determined and the timestamps of tokens remathanged, while newly
produced tokens receive the timestamps as prescribed raitkitions that produced
them. When no more transitions are enabled at the currenttfiméme is incremented
as defined with the time increment. The values of timestampsecremented for that
value until enabling condition is satisfied again.

3 The modeling of production activities

In this section the modeling of production activities usiimyed Petri nets is presented.
Many classes of PN can be used to describe production préikesstate machines,
marked graphs, assembly Petri nets, etc., which can be osedstribe production
processes [15]. Aalst, in his work [4], provides a methodhfiapping scheduling prob-
lems onto timed Petri nets, where the standard Petri-netytean be used. To support
the modeling of scheduling problems, he proposed a methodh tasks, resources
and constraints onto a timed Petri net. In this paper a @ifferepresentation of time in
Petri nets is used.

Here we present the method of describing the productioresysictivities with
timed Petri nets using the holding-duration representatiotime. The places repre-
sent resources and jobs/operations, and the transitipnssent decisions or rules for
resources assignment/release and starting jobs.

As it can be seen from Figure 1 operation can be describedonmittplace and two
transitions. The transitiondetermines the processing time of an operation. During that
time the created token is unavailable in place

An operation possibly needs resources, usually with adidhdapacity, to be exe-
cuted; this is illustrated in Figure 2. The token in plagg gives information about
the availability of the resource. When the resource begitis thie execution the un-
available token appears in plagg,,. After the time defined by transition;,, the token
becomes available and the resource becomes free to oper#te aext job. For this
reason zero time needs to be assigned to trangitign. To be able to define the time
for the next operation plagg is added. There are common situations where more oper-
ations use the same resource, e.g. an AGV, mixing reacttiratrcase the place noting
the resource is connected to all those operations. Sigithere are situations where a
particular operation can be done on two different resourteis is represented as two
coupled operations, between plaggsandp; .

When parallel activities need to be described the Petri-mettsire presented in
Figure 3 is used. Transitions;;,, andt;»;, define the duration of each operation.
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Fig. 2. Operation that uses a resource with finite capacity
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Fig. 3. Two parallel operations

Precedence constraints are modeled by adding an extra plgcee 4 shows the
situation where the task presented with,, precedes the task presented with place

P2op-

Fig. 4. Precedence constraint

In Petri-net modeling, the place nodes can be used to reyrtee status of a re-
source (e.g., its availability), the stage of a processtpaeration (e.g., undergoing)
and a condition (e.g., its satisfaction). The presence okart in a place indicates if
a resource is available, a process plant operation is uaithgrgor a condition is true
(e.g., material is available). Transition nodes are usedddel events, e.g., the starting
and ending of an operation.

4 Modeling using the data from production management systems

In a production management system, e.g. MRP I, the produgttsre is given in the
form of the BOM and the process structure in the form of rayginrhese two groups
of data items together with the work centers as capacitguftitm the basic elements
of the manufacturing process. These data can be effectigelgt to build up a model of
the production system with Petri nets. Here we provide a atktor recognizing basic
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production elements from the management system'’s datamasasing them to build
up a Petri-net model of this production system.

The BOM is a listing or description of the raw materials arelris that make up
a (semi)product, along with the required quantity of eattcan be represented as
BOM = (R, E, q,pre), where:

— Risarootitem,

— FE are sub-items,

— g are quantities of required items,

— preis precedence constraints matpixe (¢, j) = 1 indicates that-th item precedes
j-th item.

If any of the sub-itemd? is composed of any other sub-items, the same definition
is used to describe its dependencies. Listings of all tmesteshich appear in a product
define the BOM structure of a product.

Fig. 5. BOM structure of product | (a) and its component M (b)

In Figure 5a there is an example of a BOM describing the prociuof product I.
It is composed of three components, i.e. 3 items of J, oner &ad two items of L.
From the graph it is clear that item J has to be completed befiar production of item
K can begin — see dotted line. The BOM of product | would beesgpnted as:

BOM = (R, E, q,pre), where

010
R:[I}, E:[JKL], q:[312] and pre = 888

Each of sub-items (in our case J, K or L) can be composed ofteais from a
lower level. In this case this sub-item represent a root itethe next BOM, defining
from which sub-items is consisted from.

Each item from BOM is represented with a Petri-net strucfufez;. This structure
is represented graphically in Figure 6. Item | is represgéwii¢h the nodesy;,,, prop, and
trout- TO be able to prescribe how many of each item is required #msitiont z;,, and
the placepg;, are added in front, angg,.; andtg,.; are added behind this structure.
The weight of the arcs that connegy;,, andpgr;, andpgro.: andtg..; determine the
quantity ¢ of the required items. In this way an item is represented withmed PN
defined as:
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PNg, = (P,T,I,0, My, Timestamp, Time_t), where

0100
P: {pRin’plop’pRout}’ T: {tRin7tI1in7tlout7tRout}7 I: 00 ]‘ O 1
000g
q000 My(p;) =0, Timestamp(p;) =0, Vp; € P,
O=1(0100],
0010 and Timet(t;) =0, Vt; €T.
Item |
trin Prin tin Piop Yout Prout 'Rout
POl O

Fig. 6. PN structure representing one item in the BOM

The construction of the overall Petri net is an iterativecpdure that starts with
the root of the BOM and continues until all the items have tmmsidered. If the item
requires any more sub-assemblies (i.e. items from a lowef)léhe item is substituted
with lower-level items. If there are more than one sub-itetingy are given as parallel
activities. In Figure 7 thé® Ng; structure of the previous example is given, where item
| is composed of three sub-items: J, K and L. When one item hbad pyroduced before
another, the precedence constraints had to be introdutcexdiricase item J had to be
finished before the production of item K could begin.

Item | Item J
Piing i tyout Plouts

tRaut

Fig. 7. Example of PN structure defined from the BOM

For each item that can appear in the production process thimgoshows the se-
quence of production operations and associated work ceftke processing times are
associated with each of the operations.

Each operation that appears in the routing represent besitgtion activity. Their
Petri-net representations are placed in the model. Sontewfrepresentations are de-
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scribed in previous section. The time durations of the djpmra are assigned to the
transitions depicted &g, . All the placed operations are connected as prescribedey th
required technological sequence.

The required resources are assigned to the operations.résmlrce that exists in
the facility is represented by a place. If there are more atjmars that need the same
resource, they are all connected to the place represehtggsource. The capacity of
a resource is demonstrated by the number of tokens in it.

A routing for item K is presented in Table 1. Three operatiaresneeded to produce
this item; the third takes 12 seconds, using the resourcen3he second operation
can be done on two different resources, but the first operéidefined with a product
M. The structure of this semi-product is defined with a BOMalligged in Figure 5b.

Table 1. Routing of item K

Operations Duration Resources

Opl0 - M
Op20 10s (9s) R1 (R2)
Op30 12s R3

The PN structure in Figure 8 is achieved if the sequence ofabipes described
with a previous routing is modeled.

Item K Op10 Item M 0p20

Yeitin tie1Lout teoTin tK21out

O, | 0p30
tkin Pitop Pr210p tyam 12 tiaout tiout

Px10 D_’Q_’D—'
P
K1N|n pK1Nop tiyele Pt K22|n9 Prozop  tioofit K3
o
Pr2

Fig. 8. Routing of item K modeled with timed Petri net

In this a way the routings are submodels that are insertectlire main model de-
fined with the BOM. However, these sub-items can also be iestwith a BOM as it
can be seen from the example in the case of first operation © Opte construction of
the overall Petri-net model can be achieved by combiningfalie intermediate steps.

Products to be produced and required quantities of finishedlgts are determined
by a work order (WO). A Petri-net model is build for each protas defined with BOM
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and routing data. At the end the Petri-net model should béegand simplified, if pos-
sible. The modeling procedure can be summarized in thewWoilpalgorithm:

Algorithm 1

[R, q] = readWO()

For i = 1 to length(R)
PN =placePN(R(), [, a(®, [
PN =routing(PN, R(i))

end

First, data about the WO are read. The products which areedetedbe produced
are given in vector R and in vectgrthe quantities of the desired products are passed.
For each product first the Petri-net structit&/g; (see Figure 6) is determined and
placed on the model. The weights assigned to the corresponding arcs. The step when
therouting() is called is described in more detail with algorithm 2:

Algorithm 2

function routing(PN, R)
[E, q, pre]= readBOM(R)
datRoute= readRouting(R)
for i = 1 to length(datRoute.Op)
if datRoute.Resources=BOM
PN1 =placePN(R, E, q, pre)
for j = 1 to length(E)
routing(PN, E(j))
PN =insertPN(PN, PN1)
end
else
PN =construct_PN(PN, datRoute)
end
end

First, the routing and the BOM data are read from the datalbasesach operation
that compose the routing, algorithm checks if it is made ugpuls-item(s). If this is the
case, functiorplacePN() is used to determine the PN structure of a given BOM, see
Figure 7. For each of those sub-items the routing data nebd tmplemented. With
functioninsertPN() the resulted subnetis inserted in the main PN. If the opmraépre-
sents the production operation functiconstructPN() is called. With it basic elements
(Figures 2— 4) are recognized and placed in the model. Aliddte about resources
and time durations are acquired from the routing table. Aqiype of the described
algorithm has been implemented in Matlab.
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5 Conclusion

Production management data and timed Petri nets with trdirtgpturation principle
were used to model production activities. In production agement systems the prod-
uct structure is usually given in the form of the BOM and thegasss structure in the
form of routings. These two groups of data items, togetheh tie work centers as
capacity units, form the basic elements of the manufagjysiocess. A procedure for
using existing data from production management systemasitd the Petri-net model
was developed.

The proposed method is an effective way to get an adequatelmfithe production
process, which can be used to develop different analyselseofréated system, e.g.
schedules. The intention of the future work is to make sonutiadal tests of the
provided method on the real manufacturing environment.
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