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We presented in this paper an algorithmic procedure for resolution of 'multiple conflicts ' in
Petri nets model of the Flexible Assembly System's (FAS's) constitutes an important part of a
Computer Integrated Manufacturing System (CIMS) and its conveniently modelled with Petri
nets. The flexibility of an FAS appears as ' multiple conflicts ' in a Petri net model of the
FAS. The method proposed provides the transformation rules allowing to convert the set of
production rules into the relevant Petri net model, which then is used for P-invariants
analysis.
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1. Introduction

Flexible assembly systems are becoming a
major part of computer integrated manufac-
turing systems, and they provide a significant
potential for both productivity improvement
and rapid response to market demands. An
important feature of an FAS is its operational
flexibility meaning that a given assembly
operation may be performed by more than one
operator and an operator can be assigned to
more than one assembly operation. This type
of flexibility usually promises an improved line
performance, but it demands a more careful
planning in the design of an FAS. Therefore,
some forms of modelling tools for an efficient
design and operational control of FAS are
needed. Petri nets have been widely used in
modelling systems which have serial and
concurrent events with resource constraints.
In its standard form, a Petri net model renders
itself to a variety of analysis techniques
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Peterson [1], but does not have the notion of '
time ' which is an essential element in the
modelling and analysis of FASs. There are two
alternative approaches to associating time
with the standard Petri net. Namely, the
extension of Petri net with timed transition or
timed places. In this paper a timed transition
or timed places are not employed.

When modelling an FAS using Petri net,
the operational flexibility appears on the net in
the form of conflict, meaning that a ' place '
has more than ene output transition. In this
paper, it is called' single conflict. When a
transition in a single conflict is also involved
in the other conflicts, these single conflicts
constitute a' multiple conflict'. This multiple
conflict phenomenon is an inherent feature of
a Petri net model of FAS.

Introduced in this paper is an algorithmic
procedure for identifying and resolving
multiple conflicts (deadlocks) in Petri net
model of FAS.
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2. Building a Petri net model of an FAS

The Flexible Assembly System (FAS)

considered in this paper consists of:

1. robots equipped with assembly tools;

2. work stations where the assembly opera-
tions are performed,;

3. queues (in-process buffer storages); and

4. auxiliary facilities such as feeders.

The base component seated on a pallet is
moved into a work station where one or more
assembly components fed from feeders are
assembled on to the base component by a
robot. Then, the pallet is moved to the next
work station and so on. A VTR deck assembly
line is a typical example of such as FAS. In
this section, we propose an informal method
(An informal model is a verbal and/or
graphical description of the system under
consideration, such a model lacks formal
semantics) of building a Petri net model of the
FAS [2-3].

" A portion of an FAS is considered for ex-
planatory purposes and is depicted in fig. 1- a.
There are three work stations (WSi, WS,,
WS3), two robots (Ri, R2), and two queues (Qq,
Q2) each having a capacity of 3. Two assembly
operations (Aj, Az) are performed at WS; by Ry,
one assembly operation (As) is performed at
WS, either by Ri1 or by Rz; and another
assembly operation (A4) at WS3 by Ra.

Now we propose an informal model
description method for the FAS. The proposed
scheme is similar to the Activity Cycle
Diagram (ACD). The ACD-like model shown in
fig. 1-b is obtained as follows [4-7]:

1. An assembly operation A; is denoted as a
(rectangular) assembly node.

2. A queue space Q; is denoted as a (circular)
queue node.

3. A robot:R; is denoted as a (circular) robot
node.

4. A (circular) wait node is provided in-
between consecutive assembly nodes.

5. The assembly nodes, queue nodes, and
wait nodes are connected by solid arrows (i.e.
directed arcs) along the flow of the assembly
line.

6. The relations between assembly operations
and robots are indicated dashed arrows.

7. Assembly nodes in a work station WS; are

connected as a work station node.

The mapping from the FAS components to
the ACD-like symbols is very straight-forward
and the resulting model description is quite
clear.

It is now necessary to convert the ACD-like
model to standard Petri net model. The
conversion rules are as follows see fig. 2:

1. A robot node becomes a place having a
token and dashed arrow becomes a pair of
(input/output) arcs connected to the places
fig. 2-a.

2. A wait node becomes an empty place and
solid arrow an arc fig. 2-b.

3. An assembly node associated with a
single robot is bounded by a pair of primitive
transitions that are connected by a place fig.
2-c.

4. An assembly node shared by n robots is
bounded by a pair of primitive transitions that
are connected by a place fig. 2-d.

5. A work station node (i.e. transitions
belonging to the work station) is bounded by a
pair of primitive transitions connected by a
place having one token fig. 2-e.

6. A queue node becomes a place bounded
by a pair of primitive transitions that are
connected by a place having a number of
tokens equal to the queue capacity fig. 2-

In modelling the queue nodes, it is
assumed that the transport times passing
through the queue spaces are negligible
(meaning that they do not affect the system
performance) in order to simplify the
discussion somewhat. It is not a crucial
assumption, however.

By applying the conversion rules of fig. 2,
the ACD-like model given in fig. 1-b would
become the Petri net shown in fig. 3. Notable
features of the standard Petri net model are as
follows:

e There are eight transitions (A1, Az, Ao,
Agg, A31, A32, A41, A42) for assembly
operations.

e There are two places for robots (Ri, Rz,
two for queues (Qi, Q2), three for work
stations (WS, WS3, WS3 ), one for wait (W),
and eight dummy places.
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Fig. 2. Conversion from ACD-like to Petri net model.
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D1

PD2 tD2

Fig. 3. Standard Petri net (PN) model of the FAS in fig.1.

Among the twenty places in the net, three
have multiple output transitions. There are
two places for robots corresponding to the
shared assembly operation As. The two places
together with their output transitions are
shown in fig. 4. The four transitions in the fig.
4 from a multiple conflict which obviously
comes from the operational flexibility of the
FAS. In this simple case, the multiple conflict
problem looks quite obvious. But, as the
complexity of the FAS (and of its Petri net)
grows, the multiple conflict problem may
become intractable [8].

R1

tAll tA21 tA31

tA41

Fig. 4. Multiple conflict in the Petri net of fig. 1.
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Before presenting the algorithm the paper
presents method of deadlock detection by
using the P - Invariant as follows.

3. Deadlock detection by using the
P-Invariant

This method includes the following steps:

1- Before obtaining the final PN model of a
given system, one can construct the union of
simpler PN models that represent the various
functional subsystems into which the given
system can be decomposed. This divide-and-
conquer approach to obtaining the PN of a
given system can help us in computing the
P-invariants of a PN models. If a given system
is very large, the corresponding PNM is also
large. The computation of P-invariant will
become very complex. So we must partition
the overall system to compute the P-invariant
of subsystems and then combine them to
obtain the overall P-invariant of the entire
system.

2- The method can help us compute the
P-invariant of the union of two PNs when the
P-invariant of individual nets are known and
the nets satisfy the conditions of the theorem.
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3- Basically the method uses the incidence
matrix representation D of a PN to compute
the P-invariant characterised by U through the
equation U* D = 0. Again from the equation

1 = o+ D*Y, multiplying by U, we obtain:
U*u = U*no + UND*Y)

where U*D = 0
Then, U*u = U*uo

4- From step (3), we get some equations and
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The relation U * D = 0, ui > 0 can rewritten as:
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When we solve these equations, there are
some values of ui < 0, then this means that
the PN model is not deadlock-free.

O O~ O 000 OO0 O OoOOo

then choose some states to verify if these
states are deadlocked. Then one can say if the
original system is deadlocked or not.

We are applying our problem fig. 3 to
detect the deadlock (conflict points) of a PN
model by using P-invariant. First we calculate
the incidence matrix by using this equation:
D= D* - D, where D is the incidence matrix
and D* is output matrix and D is an input
matrix. For example, transition (tA11) has only
one place (PAl) output and three places
(PWS1, R1, and PDS§) input.

0O 0 O O
0O 0 O O
0O 0 0 O
0O 0 0 O
0O 0 0 O
0O 0 O O
0O 0 o0 O
0O 0 O O
0O 0 O O
0O 0 O O
0O 0 0 O
0O -1 1 O
0O 0 0O O
-1 0 0 O
1 0 0 O
1 -1 0 O
0O 1 -1 0
-1 0 0 1
0O 0 1 -1
0O 0 0 1

If we want to implement the above method
in computers we may face some difficulties.
The first one is how to solve the equation U*
D=0. Because there are no exact solutions of
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the equation, we must assume some unknown
integers to represent these variables. Using a
computer it is difficult to implement the
process. The second problem is in step (4),
where it is difficult to choose a special
marking the deadlock property. The computer
is not intelligent enough to know the event [2-
5].

The completeness and consistency exami-
nation are closed linked to the reachability
problem. In order to illustrate this fact let us
introduce the concept of a marked graph (MG)
which is a Petri net C = (P, T, I, O, uo) [9].

4. Marked graph

A marked graph is a PN in which each
place is an input for exactly one transition and
an output for exactly one transition. Alterna-
tively, we can say that each place exactly one
input and one output [1, 4].

A marked graph is a PN C = (P,T,[,0) such
that for each pi eP,|I(pi) | = |{tj/pi O}l =1
and |O(pi)| = I{t;/p: I(tj)}] =1.

Marked graphs can model concurrence
and synchronisation but cannot model conflict
or data-dependent decisions. The properties
which have been investigated for marked

graphs have been liveness, safeness, and
reachability.

In the investigation of these properties, the
major structural parts of a marked graph of
interest are its cycles. A cycle in a marked
graph is a sequence of transitions tjitp...tjk
such that for each tj; and tj+1 in the sequence
there is a place pir the pir € O (t;) and piel
(tirr1) and tj1= tjk.

A cycle is such a closed path from a
transition back to that same transition. The
importance of cycles for marked graphs

- derives from a number of theorems that are

covered in the papers [4, 10].

The modified standard Petri net after
applying some rules of transformation is
shown in fig. 5.

4.1. Computer implementation of the corrected
algorithm

A flow chart for computing P - invariants is
given in fig 6. This is to check for deadlocks
and determine the other properties of PN.

The paper illustrates the proposed
approach through an example.

PWS2

.%

PD3. tAd tA32 PD4

Fig. 5. New standard Petri net (PN) model of the FAS in fig. 1. after applying R1 and R2 rules.

286 Alexandria Engineering Journal, Vol. 45, No. 2, March 2006



M.A. Shouman, I.B. Buseif / Resolving multiple conflicts

Input/Output
Incidence Matrix

Transformation
Rele R1
)

h 4
Uunﬁorm‘nlon
Rule R2,

1
[1(pi)I=[0pi)i=1

Yes

Compute Loops
U = U'* U"

‘M 'is reached
i_from M

from M

Fig. 6. Flow chart of computing P- invariants.

5. Concluding remarks

The conflict resolution scheme has been
focused on the Petri net model of a FAS's, but
it is applicable to a general Petri net having
multiple conflicts. In general the multiple
conflict problem is inherent in the most'
flexible systems'. The proposed approach
provides the basis for the development of
computer-based methods allowing to verify
rule-based data bases. Many tasks, however,
have tQ be resolved in order to obtain such
tools.

Petri net modelling is a powerful tool for
modelling and analysis of asynchronous, 67
concurrent systems which are difficult to
model using simulation and QNs. It is
convenient to model non-product form charac-
teristics, such as multiple workstation
holding, blocking, synchronisation, concur-
rent, and prioritisation, which are common in
a computer integrated manufacturing CIM.
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