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ABSTRACT

This paper describes our experience teaching discrete-event simulation to several Engineering branches and
Computer Science students. In our courses we emphasize the importance of conceptual modelling rather
than the simulation tools used to build a model. We think that in discrete-event simulation university courses
it is more important to provide knowledge to students to develop and analyze conceptual models than
focusing in a specific simulation tool that will be industry dependent. Focusing in conceptual modelling
with the support of a well-known simulation software provide the student with skills to create a model and
then translate it to any simulator. Our courses use the Petri Net (PN) methodology by incrementing the
complexity of models and PN using: Place-Transition PN, Timed PN and Colored Timed PN. A PN
simulator is used to analyze the conceptual model and different rules and procedures are provided to match
PN conceptual model to Arena simulation software.

1 INTRODUCTION

Conceptual Modelling (CM) is the process of abstracting a model from a real or proposed system after a
conceptualization process in the mind. It is almost certainly the most important aspect of a simulation
project (Robinson 2008). As education in CM has the prevalent idea of being more an art than a science
and mostly dependent on teacher skills (Van der Zee, Kotiadis, Tako, et al. 2010) we propose a methodology
based on Petri Nets to develop a mathematical conceptual model that can be analyzed and simulated. We
provide a mapping technique to convert the conceptual model to a simulation model written in Arena.
Petri Nets (PN) are one of several mathematical modeling languages that ca be used for the description
of distributed systems, DEVS (Zeigler, Prachofer, & Kim, 2000) or SDL (ITU-T, 2012) can be others; see
(Fonseca i Casas, 2013) for a description of some of the formal languages that can be used for discrete
simulation. A Petri net is a directed bipartite graph, in which the nodes represent transitions (i.e. events that
may occur, signified by bars) and places (i.e. conditions, signified by circles). A PN model of a system
describes the states which the system may be in and the transitions between these states (Kristensen,
Christensen, Jensen 1998). PN offer both a matrix and a graphical representation for stepwise processes
that include choice, iteration, and concurrent execution (Petri 2008). Petri Nets have an exact mathematical
definition of their execution semantics, with a well-developed mathematical theory for process analysis.
Petri Nets (PN) is a valuable formalism to model manufacturing systems (Silva, Teruel 1997) and have
been used in a plethora of industrial problems such as: Construction of schedules (Sawhney 1997);
Scheduling and control of semiconductor manufacturing systems (Zhow, DJeng 1998); Model Verification
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and Validation (Samkari, Franz 2012); Manufacturing systems and deadlock prevention (Ezpeleta, Colom,
and Martinez 1995) and (Li, and Zhou 2004); Supervision (Lee, Zhou and Hsu 2005); and many other.

The usage of PN for teaching discrete event simulation to future industry engineers meet the
requirements of being a mathematical proven formalism and applicable to industrial problems making this
formalism ideal for teaching CM. PN is also useful for us to introduce the concept of Verification and
Validation prior to model coding using a specific simulator.

Students also have to be skillful with specific simulation software in order to be able to learn discrete
event simulation results analysis. Arena simulation tool is being used to code CM into runnable simulation
models. A mapping between the conceptual model and the simulation model has to be provided to show
the student the importance of coding a simulation model from a validated CM instead of just teaching the
use of certain software. One of the weaknesses of education in discrete event simulation is to teach the use
of software instead of modelling. This leads to a complete misunderstanding of what is a conceptual model
and the needed differentiation between the model and an implementation of this model.

2 STUDY CASES

To introduce the conceptual modeling we use two different models, first a classical M/M/1 to introduce the
Place Transition Petri Net (PTPN) and Timed Petri Net (TPN) concepts and a second example, the
manufacturing process proposed in (Carrie 1988), to introduce the Colored Timed Petri Net (CTPN). Both
examples are useful to develop the key skill to conceptual modelling as they can explain the basic concepts
in industrial processes, such as choice, concurrency, reachability, boundedness and deadlocks.

2.1 The vending machine example

The vending machine example is a simple system to teach the basics of PN and Discrete Event Systems
(DES). In this example a client arrives at the vending machine to purchase products as an M/M/1 system.

2.2 The process sequence example

In the process sequence example, twelve different types of products arrive to the system where a worker
has to place them to a loading/unloading station. Each type of product has its own station. An AGV moves
the product from the loading/unloading station to one of the three identical machines; the product is then
processed in the machine. Once the process is finished, the AGV takes the product back to the station where
the worker removes it from the system. Figure 1 shows the conceptual scheme of the system

provided to the students.

Products

L1 Worker

Loading Stations —

AGV

Machines

Figure 1: Scheme of the process sequence.
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3 CONCEPTUAL MODELLING

Our first step in teaching CM is to show which roles take the different elements and structures of a PN into
DES. A PN transition represent an event in DES, transitions can be unconditional and conditional,
depending on the inbound arcs. PN places represent the state of the net they also determine the state of a
DES model, besides they represent the state in DES they have a specific meaning: queues, activities and
resources. PN tokens represent the entities of a DES model both temporal entities and permanent entities.

3.1 Place Transition PN

The first model our students have to face is a simple M/M/1 model. It represents a vending machine where
people go to purchase different products. In this example we present the basics of conceptual modelling
and PN. Figure 2 shows the complete model PTPN for this system and Table 1 explain the meaning of each
PTPN element. First the unconditional transition T1; an unconditional transition is always active and the
firing of this transition creates a token to the connected place(s) in DES. This transition represent the arrival
of a client to the vending machine. This transition creates a token that represents a client. This unconditional
transition models the arrival of temporal entities to a DES model.

The transition is connected to the place P1; this place represents the queue of the vending machine
where the clients wait until the vending machine is free to be used.

After queuing, the clients want to use the vending machine, so in PN we can represent this behavior
through synchronization T2, where the waiting entity has to synchronize with the free resource P4. In DES
we call this event the seize of a resource. As the temporal entity (the client) has seized the permanent entity
(the vending machine resource) it can perform an activity P2, in this case the purchase of a product. This
activity is represented in PN as a place where the client remain until the activity finishes, thus the client get
its product.

When the activity finishes the client has the requested product and the vending machine recover its free
state and is available for serving other clients. In DES this is the release of a resource event T3.

Finally we add the last element of the DES model. The modelling of this last place P3 can be discussed
if it is necessary or not for modelling the M/M/1 system. We decided to model it to represent the exit of the
clients.

T1

P1

T2

P2 P4

T3

P3

Figure 2: Complete PN of the M/M/1 example.
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Table 1: Events, Activities, Queues and Resources of vending machine example.

Element Meaning

T1 Arrival event, it creates the clients arriving to the vending machine

T2 Resource seize event, it synchronizes the client with the vending machine

T3 Resource release event, it is a concurrency in PN, so at the same time the resource
recover its free state and the client leaves the system

P1 Queue

P2 Activity

P3 Exit

P4 Resource

[P1, P2, P3, P4] | represents the state of the system, allowing to know at any moment how many clients
are waiting in the system, the state of the machine, if there is or not a client using the
machine and how many clients have purchased a product in the vending machine

[0,0,0,1] This is the initial state representing that no client has yet arrived to the vending
machine and that the machine is free.

With this example we also use a PN simulator to introduce the active transition and the firing of a
transition concepts, representing the possible events that can occur in the system and the event occurrence.
We use the PIPE simulator; it is platform independent and can be used with any operating system.

With this example we also introduce the boundedness and reachability graph concepts. This particular
PN is unbounded as the unconditional transition T1 can create infinite tokens. Limiting the capacity of the
queue (P1) the reachability graph can be easily computed as shown in Figure 3.

Figure 3: Different states of the M/M/1 PTPN simulation and its reachability graph.

3.2 Timed PN

Once the basic model is introduced we add the concept of time in the PN using the Timed Petri Nets
formalism (TPN). In TPN there are two types of transitions the immediate transitions that are fired as the
activation conditions are met and the timed transitions that are fired after a certain time while the activation
conditions are met. In the examples the immediate transition is modelled with a black transition whilst the
timed is modelled with a white transition. For the M/M/1 this means that transitions T1 and T3 are timed
transitions, representing the time between arrivals for T1 and the processing time for T3.

3665



Figueras, Guasch, Fonseca, and Casanovas
Now the students are ready to work on the second example presented. This example if very useful

because the students tend to create deadlocks when seizing or releasing the load-unload stations or the
AGYV. The description of the model is explained in Table 2 and Figure 4.

TO: Arrival C——]

P5: Queue E1: Load-unload Stations

T1: Load Start 179 Unload End

P2: Operator

P6: Load . P13: Unload

P3: Machines
T2: Load End C— 1 T8: Unload Start

P7: Queue P12 Queue

T3: Transport Start [ 17T7: Transport End

P8: Transport P11: Transport
T4 P9: T5: P10: T6:
Transport Processing Processing Queue Transport
End End Start

Figure 4: TPN of the process sequence example.

Table 2: Events, Activities, Queues and Resources of the process sequence example.

Events

TO Arrival of product to be processed, it is a timed transition with an arrival rate depending
on desired production.

T1 Start of the load of an station done by the worker

T2 End of the station load process, it is a timed transition parameterized with the loading
time of a station.

T3 Start of the transport of a product to the machine.

T4 End of the transport to a machine, it is a timed transition parameterized with the

transport time of the AGV. It also represents the start of the machine processing as the
machine can begin the processing immediately.

TS End of the machine process. It is a timed transition parameterized by the machining
time depending on the product type.

T6 Start of the transport back to a station.

T7 End of the transport back to the station, it is a timed transition parameterized with the
transport time of the AGV.

T8 Start of the unload of a station done by the worker.

T9 End of the station load process, it is a timed transition parameterized with the unloading

time of a station.
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Table 2: Events, Activities, Queues and Resources of the process sequence example (continued).

Activities
P6 Loading of a station
P8 Transport to a machine
P9 Processing in a machine
P11 Transport back to a station
P13 Unloading of a station
Queues
P5 Waiting for a station and a worker
P7 Waiting for the AGV and a machine
P10 Waiting for the AGV
P12 Waiting for the worker
Initial Free Resources
P1 12 Load-unload Stations
P2 1 Worker
P3 3 Machines
P4 1 AGV

Note that the timed transitions are heavily linked with the activities.

This TPN (Figure 4) is unbounded, so it is important to provide a better explanation of the verification
and validation process to bind it. This can be easily done by removing TO and P5. Although now the net is
bounded the resulting reachability graph has 3769 states with 10625 arcs making the usage of a PN analyzer
indispensable. With the PIPE PN analyzer and an additional set of PN examples with deadlocks, we can
emphasize the problems by following the sequence of firing transitions that lead to a deadlock or unwanted
states. Figure 5 shows the result of analyzing a PN example that has deadlocks using PIPE simulator. By
reducing the number of states through the limitation on the number of resources, the sequence of transitions
leading to the deadlock state is usually smaller, this helps in a better understanding.

Figure 5: Deadlock analysis with PIPE.

State Space Analysis (]

Source net
& Use current net

Results

Petri net state space analysis results

Bounded |frue
Safe false

Deadlock [true
Shortest path to deadlock: TOT1 T2TOT1 T3 T4 T8 TATOT1 T8 T4
TOTAITETETOTITETATOTITETATOTI TETATOTI TATATO T1

Copy | |Save

| Analyse |

Colored Timed PN

To finish the modelling of the process sequence example colors have to be introduced to determine which
product go to which station. Table 3 shows the colors introduced in the model guards and arc expressions
used in the Colored Timed Petri Nets (CTPN). Figure 6 shows the CTPN model.
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Table 3: Colors, Guards and Arc Expressions of the process sequence example.

Colors
pr Product type {1..12}
st Station type {1..12}
op Worker
m Machine
Guards (extract)

T1 [pr = st] The product type must be equal to the station type, matching the product to a

certain station

Arc expressions (extract)

T0-P5 1’(pr) The arriving product to be processes is assigned with a product type
T9-P1 1’(st=pr) The station to be released is equal to the product type (this equivalence is

assured by guard T1)

TO: Arrival C——

P1: Load-unload Stations
1'(st=pr)

P5: Queue

1'(1)+1'(2)+1'(3)+...+1'(12)

1'(op)

1(op) 1 79: Unload End
P2: Operator

1'(op) 1'(pr)
P6: Load P13: Unload
P3: Machines
I'(pr)
T2: Load End =] ) T8: Unload Start
I'(pr) 1)
P7: Queue P12: Queue
1(pr) ,
I'(pr)
T3: Transport Start \ , [ 1T7: Transport End
1'(pr)
P8: Transport P11: Transport
T4: P9: T5: P10: T6:
Transport Processing Processing Queue Transport
End End Start

Figure 6: CTPN model of the process sequence example.

33 Hierarchical PNs

Although there is no time to study the hierarchical extensions of PNs (Huber, Jensen and Shapiro 1990) or
(Fehling 1993) this concept is introduced to show the capabilities of PNs to reduce the complexity of a
system. Hierarchical elements can be modelled and understood by all levels of any organization. The
hierarchies can be modelled as submodels in any DES simulator and have many parallelisms in computer
science and engineering, such as hierarchical networks, software development or electronics.
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4 MODEL TO SIMULATOR MAPPING

Finally, after the conceptual modelling of DES using PN the students move to lab classes to create
simulation models with Arena. We focus on the mapping between the CM and Arena. This section explains
the development of the simulation model of the process sequence example represented in Figure 4 and
Figure 6.

4.1 Timed PN

The timed TO transition is an arrival so the natural arena block is a Create Block. The parameters of the
block are taken from the PN. The interarrival time is the time associated with the transition and the entities
per arrival parameter is the weight of the arc to P5. Figure 7 shows the Create Block.

Crste ER
MHame: Entity Type:
T 0 Product Arrival + Entity 1 -
\ Time Between Amivals

(| TD Pro:L:tArri\.'aII.»— Type: alue: Uniks:
b\ | asonwm ] 7

Entities per Arival: b an Arrivalz: First Creation:

1 Infiriite na

[ Ok ] ’ Cancel ] ’ Help

Figure 7: The Create Block.

The place P5 and the transition T1 are modelled with a Queue and a Seize block. The resources to seize
are determined by the topology of the PN, following the arcs arriving to T1 the student knows which
resources have to be seized. The quantity of resources to seize is determined by the arc weights. Queues
can be omitted since Arena creates automatically a queue for each seize bloc. But for a better understanding
we use the two blocs. Later, when the students have a better knowledge the queue step is not used anymore.
Figure 8 shows the queue and Seize Block.

Seize @

Mame; Allocation; Friarity:

T1 Resource Seize * | MonYalue Added * | Mediurn(2) -

Resources:

Add...

= cer, 1,
T — Resource, Statian, 1,
e : <End of list>
'
Queue Type: Queue Mame:
Queue - | POwaiing -
[ QK. ] [ Cancel ] [ Help

Figure 8: Seize Block.

The place P6 is modelled with a Delay block. The product stay at P6 while the time set in the T2 has
not passed. So the block is parameterized using the time on the timed transition T2. Figure 9 shows the
Delay Block.
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(R
. . Allocation:
P& Loading G Lo Stati | | Mony alue Added -
S Delay Time: Urits:
[ ok ] [ Cancel ] [ Help ]

Figure 9: Delay Block.

The T2 transition is the release of the used resources, using a Release Block in Arena we can model
this behavior, The quantity of resources to release is determined by the weight of the connected arcs. Which
resources have to be released is determined by the connected places of the transition. Figure 10 shows the
Release Block.

Release @

M arme:

T2 Release Worker -

Resources: . .

Resource, worker, 1 Add... TZ Release
<End of list L Worker

L )| L

Delete

[ Ok ][ Cancel ” Help

Figure 10: Release Block.

The following blocks can be easily deduced from the PN of the system. All of them are a mix of the
Queue, Seize, Delay and Release blocks. At the end of the model a Dispose block is needed (it is omitted

here due to its simplicity).

4.2 Colored Timed PN

The colors of a CTPN are attributes of the entities in Arena. Following this assumption, some changes have
to be introduced to model the system using CTPN. As shown in Table 3, there is an arc expression from TO
to P5 assigning a type to the product, the block used in Arena to model this assignment is an Assign block
(Figure 11). The type assignment can be modelled using mathematical expressions (as in PN), for this
example a discrete probability function is used.

Assign @

I ame:

4

TOPS Assign Product Type

Aggighments:

Attribute, ProductType, DISC(0.12.1.0.30.2 Add..
<End of list>

":I"-I)PE- ﬂ:s?i;r |
roduct Type
[ ak. ] [ Cancel ] [ Help ]

Figure 11: The Assign Block.
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In Figure 6, the Stations resource is defined as twelve different stations. In Arena this is done the same
way, defining twelve different resources. To model them as a unique place the Set block is the natural Arena
block capable of grouping them in one place. Figure 12 shows the Set parameterization.

Set (-2l
Mame: Type;
[Stationg] * | Resource ~
Members:
s
Sraton
Statian 7 il
Station 8

[ 0K ] ’ Cancel ] ’ Help

Figure 12: The Set Block.

Finally the seize has to be modified to meet the T1 guard, it forces the resource to be of the same type
as the product. Figure 13 shows how to parameterize the seize block to seize a resource of the type of
product.

Resources @
Type:

Set -

Set Mame: Cuantity:

Stationz - 1

Selection Rule: Set Index:

’Specific tember = | ProductTupe -
Resource State:

| -

[ 0K ] [ Cancel ] [ Help

Figure 13: Seize block modifications.

5 CONCLUSIONS

To teach the basics of conceptual modelling and Petri Nets and the lab to practice the modelling with arena
using the approach presented in this paper is about 16 hours. Depending if they are more from the industrial
engineering branch or the computer science branch is more complex or easy to explain these concepts. In
industrial engineering we need more time to explain Arena simulation software. Computer science student
model more easily with Arena but we need more time to explain the conceptual modelling. At the end of
these sessions the students understand clearly the difference between the system, the model and the
implementation of this model. Also they understand that the formal representation of the model simplify
the Validation and Verification process, thanks to the analysis of concurrency, reachability, boundedness
and deadlocks done with PN.
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