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Abstract

Uncertainties are significant characteristics of today’s
manufacturing systems. Holonic manufacturing systems are
new paradigms to handle uncertainties and changes in
manufacturing environments. Among many sources of
uncertainties, failure prone machines are one of the most
important ones. This paper focuses on handling machine
failures in holonic manufacturing systems. Machine failure
will reduce the number of available resources. Feasibility
analysis need to be conducted to check whether the works in
process can be completed. To facilitate feasibility analysis,
we characterize feasible conditions for systems with failure
prone machines. This paper combines the flexibility and
robustness of multi-agent theory with the modeling and
analytical power of Petri net to adaptively synthesize Petri net
agents to control holonic manufacturing systems. The main
results include: (1) a collaborative Petri net (CPN) agent
model for holonic manufacturing systems, (2) a feasible
condition to test whether a certain type of machine failures
are allowed based on collaborative Petri net agents and (3)
fault tolerant analysis of the proposed method.

Keywords: Holonic manufacturing system, Petri net, fault
tolerant

1. INTRODUCTION

Due to the capabilities to deal with changes and uncertainties
in  today’s  manufacturing  environment,  holonic
manufacturing systems (HMS)([1]-[6]) have emerged as a
paradigm for developing such adaptive manufacturing
systems. A Holonic Manufacturing System can be modeled
as a cooperative multi-agent system ([7]-[8]) with precedence
constraints of production processes and constraints of finite
resources. In existing literatures, several design issues of
holonic manufacturing systems have been addressed. For
example, [1]-[3] addressed modeling of HMS, and [4]-[5]
addressed deadlock avoidance control of HMS and [6]
addressed scheduling of HMS.

There are three types of basic elements in HMS: resource
agent, product agent, and order agent according to [1] and
[2]. A resource agent consists of a production resource and
relevant components that control the resource. A product
agent contains the production process and product knowledge
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to ensure the correct fabrication of products with sufficient
quality. An order agent represents a manufacturing order. The
three types of agents interact with each other through the
contract net protocol and the algorithms proposed in [9]. The
features of HMS pose several challenging design issues. For
example, in order to effectively utilize existing resources to
achieve the production goal, a coalition process is required to
collaboratively accomplish the assigned tasks. Due to
resource sharing among distinct processes, resource
contention is inevitable. An effective coordination
mechanism is required to resolve conflicts in usage of
resources. In [5] and [9], we proposed a distributed
collaborative network formation process based on contract
net protocol ([10]) and multi-agent framework to organize a
set of resources to accomplish the assigned task in
manufacturing  systems. However, the impacts of
uncertainties on HMS have not been analyzed.

The capability of HMS to handle uncertainties in
manufacturing environments such as failure prone machines
and changing processes requires further study. Among many
sources of uncertainties, failure prone machines are one of the
most important ones. This paper focuses on analyze the
impacts of machine failures in holonic manufacturing
systems. In HMS, a machine is modeled as a resource agent.
To facilitate analysis, a resource agent unavailability model is
proposed to capture the effects of machine failure. We
classify failure of machines into three categories according to
its structure: (1) failure of one or more agents at the same
operation and (2) failure of multiple agents at distinct
operations. Based on resource agent unavailability model, a
fault tolerant analysis of HMS is conducted.

In our previous paper [11], we have proposed a framework
for control of HMS based on Petri net agents. This paper will
focus on analysis of the fault tolerant property of our
approach. Depending on the orders to be processed, the
required product holon agents and the resource holon agents
will be collaboratively and adaptively form a number of
collaborative Petri net (CPNs) to fulfill the order
requirements. Depending on the resource configuration, the
effects of machine failure vary. Machine failure will reduce
the number of available resources. Feasibility analysis needs
to be conducted to check whether the works in process
system can be completed.

To facilitate feasibility analysis, we characterize feasible
conditions for systems with failure prone machines. For a

VOLUME 1- NUMBER 2



resource agent participating in a place of some non-critical
token flow path of a CPN, its failure will not destroy the
liveness property. The original resource configuration can
still be applied. Otherwise, the liveness property of the CPN
may not preserve.

This paper combines the flexibility and robustness of multi-
agent system architecture with the modeling and analytical
power of Petri net ([12]-[16]) to adaptively synthesize Petri
net agents to control holonic manufacturing systems. The
main results include: (1) a nominal collaborative Petri net
(CPN) agent model for holonic manufacturing systems, (2) a
resource agent unavailability model to model machine failure ,
(3) several feasible condition to test whether a certain type of
machine failures are allowed based on Petri net agents and (4)
an algorithm to handle machine failure in holonic
manufacturing systems. The remainder of this paper is
organized as follows. Section 2 reviews the agent coalition
processes and proposes a nominal collaborative Petri net
model resulting from the agent coalition processes. Section 3
presents liveness condition for nominal CPNs. Section 4
establishes fault tolerant property for CPNs. Section 5
concludes this paper.

2. NOMINALCOLLABORATIVE PETRI NET AGENTS

In our previous paper [11], we have proposed a framework to
control HMS based on Petri net agents and contract net
protocol [10]. In contract net protocol, there are two roles
agents can play: manager or bidder. Four steps are involved
for establishment of a contract between a manager and one or
more bidders:

Stepl: Request for tender: In this stage, the manager
announces a task to all potential bidders as shown in Figure
1(a). The announcement contains the detailed description of
the task.

Manager

Bidder 1 Bidder 2 Bidder 3

ON
O-©
©)”

Figure 1(a) Step 1: Request for tenders
Step2:Submission of proposals: On receiving the tender
announcement, bidders capable of performing the task draw
up proposals and submit to the manager as shown in Figure
1(b).

Manager

Bidder 1 Bidder 2 Bidder 3

-0

.\

Figure 1(b) Step 2: Submission of proposals
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Step3:Awarding of contract: On receiving and evaluating the
submitted proposal, the manager awards the contract to the
best bidder as shown in Figure 1(c).

Bidder 1

Bidder 2 Bidder 3

Figure 1(c) Step 3: Awarding of contract
Step4:Establishment of contract: If the awarded bidder
commit itself to carry out the required task, it will send a
message to the manager and become a contractor as shown in
Figure 1(d). Otherwise, the awarded bidder might refuse to
accept the contract by notifying the manager. The manager
will reevaluate the bids and award the contract(s) to another

bidder(s).
Bidder 1 Bidder 2 Bidder 3

Figure 1(d) Step 4: Establishment of contract

We proposed a distributed collaborative network formation
process for HMS based on contract net protocol ([11]). The
order holon agents always act as managers to initiate tender
processes with the product holon agents as the bidders. The
product holon agents act as the managers in turn to issue new
request for tenders to resource holon agents for the set of
subtasks stemming from the product requirements. The
algorithms end up with one or more collaborative networks.
A collaborative network is defined as follows.

Definition 2.1: A collaborative network is a directed
graph C =(4,,E,) for a certain task assigned, where 4, is
the set of nodes representing agents in the collaborative
network and E,, is the set of directed edges that connect all the

agents in 4, with commitment relationship.

Typel Machine

"

Type 2 Machine

Robot

Figure 2
Example 1:Consider a manufacturing system with one Type 1
machines and two Type 2 machines. The system layout is
shown in Figure 2. There is a production process that follows
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the production route described in Table 1, where OP-i is the i-
th operation of the production process. Figure 3 illustrates a
collaborative network, where r; represents type-i machine, p ;

represents the product agent corresponding to OP-j
and o, represents an order agent. A solid directed edge from
resource agentr; to product agent p; means thatr; is required
by p; and r; has established contract with p; . A dashed
directed from
agent p; means that r; is required by p; but ; has not

established A black product

eadge resource agent 7, to product

contract with p;
agent p; means that p; has acquired the required resource

agent and the resource agent is dedicated to the operation of
the product agent. A collaborative network is therefore an
effective method to represent commitment among agents.

operation OP-1 OP-2 |OP-3 OP-+4
resource Typel Type2 [Typel |[Type2
machine |machine|machine |machine

Table 1

n Q\

Figure 3

However, collaborative network is lack of the capability to
compute the release of resources. To achieve this goal, we
convert collaborative networks to Petri nets. Petri Net is a
powerful tool for modeling, control and analysis of
manufacturing systems. A Petri Net (PN) N is a five-
tuple N=(P,T,I,0,m,), where P is a finite set of places

with cardinality | P |, T is a finite set of
transitions, / 0 P x T is a set of transition input arcs, O [

T x P is a set of transition output arcs, and my: P — Z‘P‘ is
the initial marking of the PN with Z as the set of nonnegative

integers. The marking of N is a vectorm 0 Z 1A that indicates
the number of tokens in each place and is a state of the
system. The readers may refer to [12] for further definitions
such as enabled transitions, transition firing rules and the set
of reachable markings of the PN N from an initial marking
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m, , denoted as R(m, ) . Please refer to [11] for the details to

construct the CPN of a given collaborative network. The CPN
constructed using the above procedure is a deterministic ,
acyclic Petri net defined as follows.

Definition 3.1: A CPN associated with a collaborative
commitment graph jOJ is defined as a six tuple
N; =(P;,T;,1;,0;,mq,u;) , abbreviated as
N;(m;y,u;), where u; is a commitment policy defined

based on commitment actions of a given CPN as follows.
In a CPN, a token denotes an agent and transitions represent
execution or termination of a contract.

.. . . . . P,
Definition 3.2: A commitment action ¢ is a vector in Z‘ "‘
that determines how many times that each transition in 7

may be fired concurrently. We will use a(¢) to denote the
number of transition firing allowed under a. A commitment

policy u; is a mapping that generates a commitment action

for the CPN N based on its current marking m ;. That is,

u;R(m;y) - Z‘Pj‘ .

A commitment action a is a vector that determines the
number of idle resource tokens to be allocated to different
operations. As distinct collaborative networks may compete
for the same types of resources, the marking m; under a

feasible commitment action ¢ must satisfy the following
constraints:

z Zm_/ (p) <c,, where c, denotes the total number of
JOJ Pl P,
type- r resources and P;, denotes the set of resource allocation

places involved with type- r resources.

The nominal Petri Net model corresponding to Figure 3 is
shown in Figure 4.

Figure 4
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3. LIVENESS CONDITIONS FOR NOMINAL CPN

In Petri net theory, liveness is an important property as it
guarantees each transition (corresponding to operation) in it
can be fired infinitely many times. To maintain the liveness of
a CPN, a minimal set of resources is required. Lack of one or
more resources makes one or more transitions unable to fire.
The minimal set of resources to maintain the liveness of a

CPN N can be characterized as a vector R ; d Z‘R‘ . In [11],
we have developed an algorithm to compute R ;. Theorem 3.1
establishes a condition to check the liveness of N ; based
ongR,.

Theorem 3.1: Given a CPN N ; with marking m; UM(m ),
there exists a commitment policy u ; such that N ;(m ;,u;) is
live if and only if there exists a sequence of commitment
actions that bring m; to a marking m'/ under which
R;j(m;)2R;, where R;(m ) denotes the set of resources in

idle state.
Proof:

Sufficiency: I_ett_-/-f be the last transition of N . I_/ats; denote a
minimal firing sequence to ﬁret_-/f . Assume a marking m’; is reached
from m ; after firing a sequence of transitions under a sequence of
commitment actions ¢; , ¢, ., ¢, with R;(m};)ZR; . As
R;(m’)2 R, it impliess’; can be fired underm’; . Let u’; denote
the commitment policy that fires s; repeatedly. Let u; be the
commitment policy that applies the sequence of commitment actions
€1 5Cy s, tom ; first and then appliesu’; under m'; . Tt follows
that N ; (m;,u ;) is live.

Necessity: Given the fact that N ; (m ;,u ; ) is live, we show that there
exists a commitment policyu ; that completes all the existing jobs and
brings m ; to a marking m'/ under which all resources are returned to
idle states. Letu'/' be the job clearing commitment policy obtained
fromu ; by allowing only the minimum number of transitions required
to be fired to complete the existing jobs for the in-process parts. We
claim that u'/' will clear all the existing jobs under m ; and reach a
marking m'; under which all resources are returned to idle state and all
the existing jobs under m ; are completed and cleared. This must be true
because if the existing jobs under m ; cannot be cleared byu_'/'- , the
existing jobs cannot be cleared byu ; eitherand N ; (m ; , u ; ) cannot be
kept live, which is a contraction. We prove that R ; (m';) 2R by
contradiction.  Suppose R (m}) < R
some j0J andr O R with R ;(r)> R; (m', r) . Asall resources are
returned to idle state under m’; , this implies V ; cannot be kept live
under m'; since there exists at least one transition whose resource

There must exist
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requirement R ; (r) cannot bemet under R ; (m’, ) and cannot be fired
any more. This contradicts to the fact that V ; is live. QED.

Theorem 3.1 states a necessary and sufficient liveness
condition for a single collaborative network. The result can
be extended for systems with multiple collaborative networks.
Consider a system with a set V. ={ N, jUJ } of CPNs. Let
us denote the system with the set V of CPNs as N = EJ N;,
J '
N=(P,T,1,0,m,u) , abbreviated as
N(m,u) or N and u is jointly defined by u;, jL1J . The

following Theorem establishes a liveness condition based

onN = DN/.
o5

Theorem 3.2: Given a set of CPNs N = E N ; with marking
Jos

where

m , there exists a commitment policy u such that N(m,u) is
live if and only if there exists a sequence of commitment
actions that bring m to a marking m' under which

R(m')z R, whereR(m")O Z %l denotes the set of resources
in idle state under m' and R is a minimal set of resources

required to complete the tasks of N with R = z R;.
o
Proof:

Sufficiency: Let s; denote a minimal firing sequence to fire t// . Assume

a markingm' is reached from m after firing a sequence of transitions
under a sequence of commitment actions ¢; , ¢, ., ¢, With

R(m')2R.AsR(m')2R=R,, it impliess’; can be fired under
m’; . Letu'; denote the commitment policy that fires s; repeatedly
and u' be the commitment policy that applies u| , u5 ,.., u"l‘
sequentially. Letu ; be the commitment policy that applies the sequence
to m' first and then
appliesu’ underm' . Hence N ;(m ;,u ;) is live for each jOJ . It
follows that N (m,u) = EJ N;(m;,u;)islive.

of commitment actions c¢; , ¢, ,., C,

Necessity: Given the fact that N = U N is live, we now show
jor

that there exists a commitment policy u" that completes all
the existing jobs and brings mto a markingm' under which
all resources are returned to idle state. Let u'/' be the job

clearing commitment policy obtained from u by allowing
only the minimum number of transitions to be fired to
complete the existing jobs while keeping the same
commitment policy as u for the in-process parts. We claim

that «; will clear all the existing jobs of N; under m; and
reach a marking m'/ under which all resources are returned to

idle state and all the existing jobs under m ; are completed and
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cleared. This must be true because if the existing jobs under

m; cannot be cleared by u_'/'~, the existing jobs cannot be
cleared by u; either and N;(m;,u;) cannot be kept live,

which is a contraction. As the same reasoning holds for
each jOJ , all the jobs can be completed and cleared

afteru; , uj ,..., u" J have been applied and the system will
reach a markingm' . We prove R(m") = R by contradiction.

Suppose R(m') < R . There must exist some j[J and
rUR with R ; (r) >R(m',r). As all resources are returned to

idle state under m' , this implies N cannot be kept live

as there exists at least one transition whose
requirement R (r) cannot be met under

under m'
resource

R(m',r) and cannot be fired any more. This contradicts to the
fact that N is live. QED.

Theorem 3.1 implies that as long as the set of resources that
can be released from the current system state dominates the
MRR, the liveness of the system can be maintained. By
exploiting the structure of the sequential production
processes, release of resources can be evaluated based on the
acyclic marked graph MG ; associated with type- j production

process. A procedure to obtain MG ; based on decomposition

of a given CPPN G has been proposed. Please refer to [11]

for details. Let P, denote the set of places to which a

resource in use by type- j production process may be released
and return to idle state.

Definition 3.1: A token flow path Tis a directed path consisting of
alternating places and transitions. A token flow path starting with a
place p, without input transitions and ending with a place
P, without output transitions is denoted as TUp;,p,) . We
use p [ Tito denote that p is a place of T.

Definition 3.2:The total number of tokens in a token flow
path M in an acyclic type- ; marked graph MG; under

submarking m ; is denoted as T(m ;) = z m;(p).
pOn
Definition 3.3: Let I, (p,,) denote the set of token flow

paths for type- 7 resources ending with a place p, Ul P, .
As each acyclic Marked Graph MG, joJ

i
deterministic Petri Net, the number of type- » resources that
may stay at or be released to the idle state place of type- r
resources under control action a and

marking m isz Z min Tn;) . Combining the above
S PR POl (p,,)

1S a

result with Theorem 3.1, the following Corollary holds.
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Corollary 3.1: There exists a control policy u such that G, (m,u) is

liveif D > i TOn)2m" (p,0),

O P Py el (p,,)

where m U M(m)) .
4. FAULT TOLERANT PROPERTY OF CPN

In a CPN, each token corresponds to either an agent. If a
resource agent has established contract with other agents but
fails to execute the contract, the original commitment may
not be feasible. An agent that fails to execute the established
contract is modeled as a removal of token in CPN. We
let &m denote the change due to removing tokens from the
CPN. Depending on the system configuration, we classify
om into three categories according to its structure:

(I) removing tokens from a specific state place p of the CPN:

oM ;(m)= 0 oM ,(m) , where
papP

oM ,(m)={ Am|0 < dm(p)<m(p)and dm(p') =0 for all

p' 0P -{p}}. This type corresponds to failure of one or
more agents at the same operation of some CPN.
(IT) removing tokens from a subset of places of one CPN:

oM =0 0O oM,(m,F.),
5 (m) JF AP, 2(m ./)

where oM ,(m,F;) = { dnjom= 2 dm, , where
' PUF;

om, [10M ,(m)and F; O P, }. This type corresponds to

failure of multiple agents at more than one operations of a
given CPN.
In this Section, we characterize the tolerable failure of agents
based on the condition of Corollary 3.1. To convey the idea,
consider the inequality stated in Corollary 3.1:
Y. Y, min Tm)zm (p,(0) (1)
J pp,0p, T (P

min
[ (pr)

long as the change &m ; (p) of the decrease in the number of

Inequality (1) implies that T(m ;) remains intact as

tokens of a place p does not reduce the sum of tokens in any
of the token flow path T ;. (p,, ) such that

T(m’;)< min

' [ (py)

marking after &m ;(p) units of tokens have been removed

T(m;) , where m’; denote the perturbed

fromm ;. Based on this observation, the following definition

is required to convey the above concept. The set of all token
flow paths is devided into two categories: critical paths and
non-critical paths. Removing one token from a place in a
non-critical path has no effect on the liveness property of a
CPPN. Removing one token from a place in a critical path
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will reduce the number of tokens that will be released and
may destroy the liveness property of the CPPN.
Definition 4.1: Under control action a and marking m , a

token flow path inl" ;. (p,,) with the total number of tokens

min
[ (pr)

path. The set of critical paths in I, (p,,) is denoted as
Fi(po) =t n | mmy) T(m ;)

along the path equal to T(m ;) is called a critical

min and

[ (pr)

T[D r_/'r (pro) }
Definition 4.2:T 7. (p)= (T, -T5.(p))NT ;. (p) represents

the set of non-critical paths for Type- r resources in
MG ;under control action @ and marking m , where p L1 P, .

Based on the above definition, the main result is stated as

follows.

Theorem 4.1: Given a set of CPNs N = U N ; with marking
jor

m , for any change on[] oM ,(m) with dm;(p)=9, for
some j[IJ , the number of type- r resources that will be

released to p,, is decreased by
6y(proﬂmj) = 6p*a(japroapamj) 'B(japroapﬂmj): where

a(j, Prospom;) =0 and  B(j,p,.p,m;) =0 if
M eNC,pm =®, and 0,00 =P,
a(j, Prospsm;) =1 and  B(j, p,,,p,m;) =0 if
M eNE,m 2P, and 0,010 =P,
A(j, Pro>psm;) =0 and  B(j, p,.p,m;) =0 if
Fenr,e = ® , and [Lonre 2 P,
and _min T(m ;)= min T(m;)=0, 20

0 (2N, (P 0 (p)
a(J, Pro> pym;)=1and
B Prospam ;)= min M(m;)= min T(m;)

[P0, (p) 0 [(P)
if N, @ =®, and [N ,m#P, and
TWm,;) = (m;)=93, <0,

min min
[P0, (p) 0 [.(P)
C((ja proapﬂmj) =1 and B(/a proapﬂmj):o if

e ,e 2P, and [N ,m#P.

Proof:
As omU oM ,(m) , there must exist a ;LJ such

that om;(p)>0 and om;(p")=0 for all p'0 P, -{ p },
and dm;(p)=0 for all pO P, , jOJ={j}
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min mm; = dm;) = min m;)  and
7 15 (Pro) T (D) 7 (Pro )71 (P

min mmm; = dm;) = min 77m; ) -
70 T (Pro) =T 1 (P) O Pr) T (2)
y(proﬂmj) _Jy(proam_/) =min { min n(m/) _Jp ’

70 T5:(Pro )T r(P)

min  7(m;) min  7m;)=9,
15 (o)~ o (P) 70 T (P T 5 (P)

min n(m /.) .......................................... 2)

(o) =T (D)

If rp Nrup =P, and M (p N1 ,(p) =P, (2) is reduced

ro

to
min { min mm;) min  7m;) ,
7 T5:(pro )T j(P) 7 15y )T ()
min mm(m;) , min  7(m;) }.

70 15 (P )T i (P) 70 Th(Pro)~T j(P)
In this case, the number of type- r resources that may be
released to p,, remain unchanged no matter what J, is. For

this case, a(/, p,,, p,m;)=0and B(j, p,,,p,m;)=0.

If rp Nrup 2®, and . (p, Nr.(n=P, (2) is reduced
to
min {[ min mm;)]-9, , min  7m;) ,
7 T5(Pro )T j(P) 7 T5(Pro)~T jr(P)
min  7i(m;), min  7(m;)}

70 15 (P )T i (P) 70 Th(Pro)T j(P)
In this case, the number of type- r resources that may be
released to p,, will be decreased by 9, due to the reduction

in the number of tokens in place p by J, . For this

case, a(jspro:p:mj):1 and B(j:pro:psmj) =0.

If 5., )Nrp) =P, and 1. (p, N1 (1 E P, (2) is reduced

ro

to
min { min [77(m;)=90,], min mm;) ,
7 T5:(Pro )T 3(P) 7 T5(Pro) =T r(P)
min  [7@(m;)-9,], min  7(m;)}
7 5P )T j(P) 70 (P ~T ir(p)
=min { min 7my), min  [7@m;)=9,],
0 T5(pr) T 7(P) (P )T (P)
min  7(m;)}
7 T5(pro)~T jr(P)
= min { min n(m_/-) 0 min ”(m_/ )N- 5p >
70 T5u(pry) 7 (2T ()
min  7(m;)}
7 5 (Pro )T j(P)
=min { min 74m;),[ min  7M(m;)]-J,}

70 T5:(Pro) 7 ()OO (P)
In this case, the number of type- r resources that may be
released to p,, will not be decreased due to the reduction in

the number of tokens in place p by J, » if the following holds
min mm;)~ min 7(m;)=90,20
70 TP )OT 1(P) 70 F5(Pro)

For this case,a(/, p,,, p,m;)=0and B(j, p,,,p,m;)=0.
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If min  7Am;)= min 7Am;)-3,<0 , the
70 15 (P )OT () 70 T5(Pyo)

number of type- » resources that may be released to p,, will

be decreased by
9,-[  min mm;)~ min 7(m;)].

7 Th(pr)OT (P) 7 T5(Pro)
For this case, a(Jj, Pro>p>m;) =1 and
B(j:pm:p:mj): min n(mj)_ min n(m/)

70 15 (Pro T () 70 T5(P,o)
If 5o, Nrup) 2@, and r.(p, Nr;(p# P, (2) is reduced

ro ro

to

min {[ min mm;)]-9, , min mim;)
73 TS pro)NT (D) 7 T5(Pro)~T jr(P)
[ min mm;)]-9, min_ 7m;) i

70 (2o T () 7 (P )T 1(P)

AS 15.(p, N u(p) #®, and . (p, N1 ,(p) # P, we have

ro ro

[ min mm;)]-9d, < min  7Mm;) S
70 T5(pro )T 5 (P) 7 15-(pro)~T j(P)
min m(m;) .
7 (o )~T ()
By definition,
min mm;) < min mm(m;) .
7 T5:(pro )T j(P) 7 5-(pyo )T jr(P)
So [ min mm;)]-9, <
70 T5-(pro)OT ()
[ min m(m;)]=9,.
70 T5(pro )T ()
Combining the above results, we have
min {[ min mm;)]-9, , min  7m;) ,
7 T5(Pro )T j(P) 7 15-(pro)~T ()
[ min mm;)]-9o, min  7m;) ]}
70 (P )T () 7 5Py )T ()
= min mm;)] -9,

70 15y )OT ()
In this case, the number of type- r resources that may be
released to p,, will be decreased by J,, due to the reduction

in the number of tokens in place p by J, . For this

case, a(jspro:p:mj) =1 and B(j:pro:psmj) =0.

Q.E.D.
Based on Theorem 4.1, we characterize the set of tolerable
failure of agents that leaves the system live as follows.
Definition 4.3:

Let 5]l_/1p (m)= {5m|5m UoM , (m) and dm satisfies (2)} .

z Z min T[(m./)_ 6!’ * C((j,pm,p,m_/) +
M p nUP _/rT'Dr_/r(p o)

B(j> PP m)zm (p,(0), OrOR (3)
It follows directly from Theorem 4.1 and the above definition

that the following theorem offers a sufficient liveness
condition for tolerable token loss of a single place.
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Theorem 4.2: Given a set of CPNs N = IS N i that can be
JuJ

kept live marking m, for any change &m 0 oM »(m) , there

exists a commitment policy u' under which N = IS N;is
Jos

live.

Example 1(Continued): For Examplel, suppose the agent

corresponding to machine 2 fails at operation state p, . Then

the CPN in Figure 4 evolves to the one in Figure 5. For this
example,

[, (p's)={pstpit,p's, P7t,P's }-

Ui (P'7)=UpstiPitaPatsP'y s PrtaPats D'y s PetsP'y §-
[ (P's) ={ pstipit, Pat3 D314 D's 5

PraPalsPtaP's s Pel3P3lal's » PslaP's §-

[ (P's) ={ pstyPity Pat3 D3t PatsP's »

Py Dal3P3laPalsP's s Pel3PalaPalsP's > PelaPalsP's §
The set of critical paths under the given marking in Figure 4
is as follows.

r;r (P's)={pstpit2p's, P1t,D's }

5 (P'6 ) =1 PetsP3taD's » PstaD's }

r_;r (p'7)={ pstsp' }

C5(P's ) =4 PtsPstaPatsP's > PstaPatsP's }-

Note that as p, does not belong to any critical path under
Figure 4, removing one token from p, has no influence on the

liveness of the CPN.
Ps

’

Py

Ps

P

Figure 5

4.4:Let
om satisfies (4) }.

S>> min 7Am;=dn)z m'(p,(0) OrOR..(4)

i b, 0P, )

Definition and

O M, (m) = {Om|dm DM ,(m)

Theorem 4.3: Given a set of CPNs N = E N; that can be
Jjus

kept live marking m, for any changedm 0 oM ,(m), there
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exists a commitment policy »' under which N =0 N is
Jjor -

live.
5. CONCLUSION

Machine failure is an important type of uncertainties in
holonic manufacturing systems. This paper investigates the
effects of machine failure on the operation of holonic
manufacturing systems. A holonic manufacturing system can
be modeled as a set of collaborative Petri nets (CPN), where
each CPN corresponds to the set of resources required to
complete the operations of a certain production order. Each
token in a CPN corresponds to a resource agent. If a resource
agent that has established contract with other agent but fails
to execute the contract, the original commitment may not be
feasible. An agent that fails to execute the established
contract is modeled as a removal dm of token in CPN.
Depending on the system configuration, we classify dm into
three categories: (1) failure of one or more agents at the same
operation and (2) failure of multiple agents at distinct
operations. Based on this model, we characterize the tolerable
machine failure conditions for holonic manufacturing systems.
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