AIT 2009

Robustness of a Class of Non-ordinary Petri Nets
Fu-Shiung Hsieh™

# Department of Computer Science and Information Engineering, Chaoyang University of Technology
Taiwan, R.O.C.

'f shsi en@yut . edu. tw

Abstract—Robustness analysis provides an
alternative way to analyze a perturbed system
to quickly respond to resource failures. Non-
ordinary Petri netshave weghted arcsand havethe
advantage to compactly modd operationsrequiring
multiple parts or resources. In this paper, we
condder a dass of non-ordinary flexible
assembly/disassembly Petri net (NFADPN)
models and study its robustness properties.
Due to the routing flexibility in NFADPN, there
may exig different waysto accomplish thetasks To
take advantage of the alternative routes without
enforcang livenessfor thewhole sysem, wegeneralize
the concept of perdgent production proposed to
NFADPN. We propose a condition for persgent
production. We extend robustness analysis to
NFADPN by exploiting its structure. We
identify several patterns of resource failures
and characterize the conditions to maintain
operation in the presence of resour ce failures.
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1. INTRODUCTION

Assembly systems have attracted a lot of
attention recently. For example, Fanti et al. [9]
dealt with the deadlock problem in automated
assembly systems based on discrete event system
theory. Many supervisory control problems in
discrete event systems can be modeled and
analyzed by Petri nets (CPN) [1]-[3].
Roszkowska et al. [10] defined a Petri net model
for  assembly/disassembly  processes and
proposed a control policy to determine the
reserved buffer spaces to guarantee enough
spaces for assembly to continue. Wu, Zhou and
Li [5] proposed a resource-oriented Petri nets to
tackle deadlocks in a class of flexible assembly
systems. In addition to the development of supervisory
control  dgorithm, design of robus supervisory
controllers for manufacturing sysems with unrdiable
resources has received Sgnificant atention recently [20],
[6]-[8], [16]{19]. Unrdiable resources, which may
result from a varigy of causes, induding unreligble

components, defective parts, faulty sensors, and so forth,
ae a common problem in red sysems. Resource
failures pose chdlenges in control of discrete event
gydems. In [16]-[18], Lawley, Chew, Wang and
Sulistyono developed supervisory controllers to
ensure robust deadlock-free operation for systems
with unreliable resources. Another approach for
analyzing the robustness of manufacturing
systems is based on Petri nets. In case of resource
failures, re-andyds of the perturbed system is required.
However, reanalyss based on exigting reachability tree
method is inefficient due to the Sate gpace exploson
problem. Robusiness andlysis provides an dternative
way to determine whether the operation of a perturbed
system or some partsof it can dill be maintained in case
of resourcefalures. In[20] and [6]-[8], HSeh andyzed
the robustness propety of severd subdasses of
ordinary Petri nets, including controlled production
Petri net (CPPN)[20], contralled assembly Petri net
(CAPN)[6], controlled assembly/disassembly processes
Petri nets (CADPN) [7] and controlled assembly Petri
net with dternative routes (CAPN-AR) [8]. However,
the aorementioned modds and andysis are basad on
ordinary Petri nets. Non-ordinary Petri nets [11]-[12],
which have weghted arcs have the advantage to
compactly modd operations requiring multiple parts or
resources. However, robustness andyss for non
ordinary Petri net models has not been dudied. Our
interest in this paper is to propose an effective
methodology to model and analyze the
robustness of flexible assembly/disassembly
systems based on non-ordinary Petri nets.

In this paper, we study the robustness of a class
of non-ordinary Petri nets called NFADPN. A
bottom-up approach [14]-[15] is adopted in this peper
to condruct the NFADPN modds. The NFADPN
modd is condructed by merging the job subnets with
resource subnets [6], [8] to capture the interactions
between job subnets and resource subnets. Due to
the routing flexibility in NFADPN, there may
exist different ways to accomplish the tasks. The
routing flexibility in NFADPN significantly
enhances the robustness of the system by
alowing a product to follow the routes in any
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completely connected subprocesses as long as the
resource requirements can be met. However,
dternative routes in NFADPN aso add
complexity to the analysis of the system. Aslong
as there exists a set of completely connected
subprocesses for certain type of products, the
production of that type of products can still be
maintained without requiring the whole
NFADPN to be live We characterize the robusiness
property for NFADPN by explaiting the net Sructure.

The remainder of this paper is organized as
follows. In Section 2, we introduce a bottom-up
approach to construct the NFADPN model for
flexible assembly/disassembly systems in non-
ordinary Petri nets. We propose uncertainties
model based on the NFADPN model and study
the condition for persistent production in Section
3. In Section 4, we anayze the robustness of
NFADPN. We conclude this paper in Section 5.

2. NON-ORDINARY PETRI NET MODEL

The production processes of a flexible
assembly/disassembly system can be viewed as
the interactions between the (non-reusable) parts
(or components) and (reusable) resources. The
precedence constraints and the dependency
between different parts (or components) can be
can be described by a workflow model. A
resource involved in the operations of aworkflow
can be described by a set of activities. Petri net is
an effective tool for modeling the workflows of
parts and activities of resources. To model a
flexible assembly process using Petri net, a brief
introduction to Petri net is given first. A non-
ordinary Petri Net (PN) G is a four-tuple
G=(P,T,W,m,), abreviated as G(m,) , whereP is
afinite set of placeswith cardindity|P|, T isafiniteset
of trandgtions W:(PxT)u(TxP)—=>{0123..}is a
weight function to specify set of trangtion input/output
acs my: P — zIlis the initid marking of the PN
withZ as the st of nonnegative integers A marking
of Gis a vectorme z/P that indicates the number
of tokens in each place and is a state of the

system. We use °t andt* to denote the set of input
places and the set of output places of transitiont ,
respectively. All Petri nets are assumed to be
ordinary in this paper. A transitiont is enabled
and can be fired under a markingmif and only

if m(p)>0 Vpe't . Firing a transition once
removes one token from each of its input places

and adds one token to each of its output places. A
marking m' is reachable frommiff there exists a
firing sequence of transitions bringing the net
frommtom’ . The reachability set R(m,) denotes
al the markings that are reachable fromm,. A
Petri netG= (P,T,W,m,) is said to be live if,
no matter what marking has been reached
fromm, , it is possible to ultimately fire any
transition of G by progressing through some
further firing sequence. Please refer to [2] for a
tutorial on Petri nets.

To capture the workflows of parts in flexible
assembly/disassembly systems, we introduce the
workflow net model. We use®pand p°to denote
the set of input transitions and the set of output
transitions of p, respectively.

Figurel
Definition 2.1: A PNGis a workflow net if and
only if (i) G has a source place ¢ and a sink
placedwith *s =d®andg® = ® and (ii) if we add a
new transitiont to G to connect @ with ¢ , the
resulting PN G’ is strongly connected. The
augmented workflow net G’ associated withGis
the strongly connected PN obtained by add a new
transitiont to G to connect d with ¢ .
Fig. 1 shows an augmented workflow net.
The workflows of parts are modeled by job
subnets defined as follows.

Definition 2.2: A type- j job subnet GJ; = (P T/,

W-J

o, My ) is an augmented workflow net,

where &, eP’ denotes the source place
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and ¢; P’ denotes the sink place and
m;o(p)=0Vpe P’ . Tha is no job is in process
underm; .

Figure2 G, , r e R={ry,r,,...,1g}
GJ; only modd the behaviors of workflows without
taking into account the interactions with resources. To
take into account the interactions with resources, Petri
net modds of resources are proposed. Let R denote the
set of different types of resources. A type
r resource may teke pat inasstQ, ={1,23,...,K, }of
activities wherer e R . To modd an activityk € Q, in
Petri net, weuseatrem’tiont'a‘ to represent dlocation of

resources and use t¥ to represent de-alocation of
resources after completing the operaions in it
Thek —th activity of type-r resources is described by a
directed path pit; pots Pstsee.- Potn Prya SAING  with
place pk and ending with place pf, , where p, = pk,
the ide dae before dlocaing a type r resource
Py = PX , the idle sate after de-dlocating a type-
rresourcg t; =t¥ and t, =tK.

Letw =W(p,,t;))and v, =W(t;, p,,,) fori =1,23,...,n.
As resources consarve, we
assumen Vot Voz Vool g The petri net

1 Wyp Woap Whkia W

modd for thek—th adtivity is described by a Pelri
net G defined asfollows

Definition 2.3: Thek —th activity of type-r resourcesis
represented by the Petri netGX = (P, T, , WX, mK,).
Remarkthat TX AT} =@ fork = k' .

For echre R, we merge places pX and pf, for
dl ke Q, into one place p,, . The type- r resource
bt G, is ddined by G =
keo, G =G/ [|G? | ... G/ asfollows

Definiion 24: The Petri net G, = | G =
(P ,T,,W, ,m,) denotes the type-r resource subne,
wherem,o(p;) >0 and my(p) =0Vpe R \{p,o} .

rp ={pyo|r € R} denotes the set of dl resource idle
4da:es'

rg .
®
O
t
o 17
tig

P (defined in [6]-[8]) to merge two PNs through common

FHg. 2 dows nine
hereP, ={r,,r,,...,fo} .
To cgpture the interactions among resources and

process workflows, we apply the operation “ || ”

resource  subnets,

places, trangtions or acs The Peri net
mode G(my) = | ;.rGR: | j.;GJ; is constructed by

merging the resource UbNelSGR, ,r e R, with job
Subnets GJ; , jeJ , where J denotes the st of
different types of processes in the system, R denotes
the st of resource types in the sysem, uis a control
policy and the initid marking m, of G beongs
toM ,isdefined below.
Definition 2.5: My ={m|m(p)=0V pe P\P,and
m(p) >0V peP,} denotes the set of initia
marking of G, whereP, is the set of all idle places

of al types of resources.

Based on G, a non-ordinary controlled Petri
net G, is defined as follows.

Defintion  26: A nonordinay  flexible
asEmbly/dissssembly  Petri net (NFADPN) G, is
defined based on G a a fivetuple G, =
(P,T,W,my,u) , dareviged as G.(my,u) |,
whereP is afinite set of places with cardindity|P|, T
is a finite =t of trangtions,
W (PxT)u (T xP) —{0123,...} isaweght function
to gecfy st of trandtion input/output arcs
my: P —Z ™ istheinitid marking of the PN withZ as
the st of nonnegative integers, T =T, UT,, T.is the
st of controlled trangtions, T, is the set of uncontrolled
trangtions and u is a control policy defined based on
control action of agiven NFADPN asfollows.
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Figure3(b) A NFADPN G,

Definition 2.7: A control action a is a vector in z/™
that determines how many times that each trandtion in
T, may be fired concurrently, wherea(t) denotes the

number of times trandtiont can be fired under control

ation a A ocotrol poicy u is a
mappingu : R.(my) — Z /™ that generates a sequence
{a,} of control actions for the NCPN G, based on its
makingme R.(my) , whereR.(m,) is the st of 4l
reechable markingsof G, fromaninitid markingm, .

Definition 2.8: G, (my,u) is live if no matter what
marking hs been reached from my, it is possible
to ultimately fire any transition of G, by

progressing through some further firing sequence
under u . A control action a is caled an
admissible control action if there exists a control

policy that keeps the NFADPN live after

executinga.
Fg. 3(@ illudrates a NFADPN G, , where the

number in each place denotes the number of tokens.
G, may evolveto the marking as shownin Fig. 3(b).

3. CHARACTERIZATION OF
UNCERTAINTIES

Due to the exigence of dternative routes, it is not
required for each trandtion inG to be live to maintain

production. To characterize the condition that maintains
the operation of asystem without enforcing the liveness
of the entire net, the concept of persgtent production is
introduced. A type- j job can 4ill be completed as long
asthere exisis atransitiont | < ¢, that can be ket live.
To capture this property, we define aprocess as perssent
asfolows
Definition 3.1: Let jeJ . A NFADPN G, is j -
perdgent under amarking if and only if there exigts a
control policy under which transitiont e* ¢; islive. A
NFADPN G, is perdgent under a marking if and only
ifG.is j -padgentfordl jeJ.

To andyze the effects of uncertainties on a
NFADPN G, , weextend G, asfollows

Definition 322 A NFADPN with uncerttanties
(NFADPN U) G2 (mg,u) = (P,T,W,A,mg,u) is an
sxtuple defined basd on NFADPN G, =
(P, T,W, mgy,u) by introducing a
mappingA : R.(my) — z/* that specifies the maximal
perturbation A(m) for each marking me R.(my) ,
withO<A(m)<m and A(m)eZ‘P‘ ,my: P - zFlis
the initid marking of the PN with Z as the set of
nonnegative integers, andu isamappingu : RS (mg) —
2™l thet generates a sequence{ a,,} of control actions
for CPNU G2 from My :
where R}(mp) ={ m| meR(m-5) |,
where me R.(my) , 0< 5 <A(m) }is the st of dl
reachable markingsof G2 fromm, .

Livenessof aNCPNU G isdefined asfollows.
Definition 3.3: G2 is live under marking my if there
exigs a contral policy u' under whichG,(m',u’) is live
foreechm'e RS (my) .
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Definition 3.4: For two uncertainty functionsA, and A, ,
we sy A, dominates A, , denoted by A, >A, ,
if A;(m=>=A,(m) for each meR.(my) We
sy A, drictlly dominates A, , denoted by A; > A, ,
ifA; 2 A,andA;(m) > A, (m) for someme R (my) .
Definition 3.5: An uncertainty functionA, isamaximd
tolerable uncartainty function if G2 is live under
marking m, and G_'z is not live under marking my, for
any uncertainty functionA, withA, > A, .

If G2 is live under markingm,, G2 mugt be live
under markingm, for any A'< A .
Given a NFADPN G, with marking m , an

important issue is to find the maximal tolerable
uncertainties A(m) . However, the computational

complexity to find the maxima tolerable
uncertainties of a genera NFADPN G, grows

exponentialy with the size of the nets.

Definition 3.6: G is j -persisgent under markingm, if
there exids a control policy u under whichG, (m', u) is
j -persgent for eech m'e RS (m,) . G. is persgtent
under markingmy if and only if G2 is j -persitent for
dljed.

Definition 3.7. G} is persistent under
markingm, if there exists a control policy u under
whichG, (m', u) is persistent for eachm'e RS (my) .
Definition 3.8: M J denotesthe st of initia markings of
G, with minima resourcesfor the existence of acontrol
policy to keept| live for dl je J, whereM | < M.
The st of resourcesunder m; « M | iscalled aminimal
resource requirement (MRR) of type- j jobs.
In this paper,
asumeny 2m =m emem;e..em; .
Propaty 3.1: Given a NFADPN G, with marking
me R(m,) , there exigts a control policy u such thet
G, is paddent under m if and only if there exids a
sequence of control actions thet bring m to a marking
meM, with m(p,o)=m;(p,)VreRVjeld ,

we

wherem*j eM j .
Application of Property 3.1 reguires
computation of m; and testing reachability of a

marking m' that coversm; vj e J. A heuristics to

obtain alower bound of m*j can be found by firing

an arbitrary permutation of the transitions inTJ-J :

Direct application of reachability tree method to
this problem is computationally feasible only for
small Petri nets [1]-[2]. Instead, we propose an
efficient but sufficient only test procedure by
exploiting the net structure.

4. ROBUSTNESSANALYSIS

Let u denote control policy under the nomind
upervisory control dgorithm. Suppose
NFADPN G, evolves under u from marking my, ,
where my >m_ VjeJ . Suppose me R (my) is a
J
nomind making reeched under u . Under control
policy u , G, is padgent under each reachdble
making m by maintaining the liveness of Ge, for
each jeJ, whereC; € C; . Robustness is concerned
with the influence of resource failures on the operation
of G, . We model resource unavailability as a
perturbation, 5§ , 0<5<A(m) in nomina
markingm. Depending on the structure of &, its
impact on the execution of a task vary. AsG.is

pesgent under eech reachadle making m by
maintaining the liveness of eiachGCi for each j € J and

eachGCj can be decomposed into a st S; of
subprocesses by plitting eech place peP; into
pleces, we analyze the effects of § by

“bup”
exploiting the structure of MG, vbesS; for
each j e J . We first consider perturbations in a
single place p . In this case, 6eA(m) |,
o(p)>0 and o6(p)=0 otherwise. The
perturbation § can be broken down into
components 6, , beS;, jeJ . LetbeS; be the
subprocess to which place p belongs. In this
case, 5y =0vb'#b , &,(p)>0 and S,(p’)=0
otherwise.

For a petubgion 6§ a& place p under
markingmwiths(p) > 0, the reduction on the number
of tokens tha will retun to place p'eRy
ISy y (My) =7y (M, —5) . The influence of 5 on the
number of type-r resources that can be released can

be characterized asfollows
Definition 4.1: The influence of perturbation § on

place p’ € RS, can be computed asfollows
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wb(m,5,r): prng J/p’(mb)_yp’(mb_5) .

The function @, (5, r) represents the reduction in the
number of resources that can be rdessed in MG, .
Therefore, a aufficient condition to guarantee peradent
productionisasfollows

Theorem 4.1: Let u denote the nomind supervisory
control  dgorithm  with C; eC; selected for

Suppose NFADPN G, evolves
under u from markingm, , wherem, >m_ vjeJ .

each jeld

Suppo me R, (my) is a nomind marking reached
underu. Lets = A ,(m), wherepe P, be defined as
fdlows 0<s=A,(M<m,  0<5(p)<my(p) ,
5(p)=0VpeP\{p} and@,(mJ5,r)=0vreR for

eech meR.(m,) . Then G.* is perssent under
makingm.

5. CONCLUSION

Unreliable resources may cripple the operation of
manufacturing systems unexpectedly and degrade
the system performance. One of the approaches
to analyze the effects of resource failures is to
study the robustness of the systems. Robustness
refers to the resource failures tolerable under a
certain system state. In this paper, we study the
robustness of a class of non-ordinary Petri nets
called NFADPN. Due to the routing flexibility in
NFADPN, there may exist different ways to
accomplish the tasks. The routing flexibility in
NFADPN significantly enhances the robustness
of the system by allowing a product to follow the
routes in any completely connected subprocesses
as long as the resource requirements can be met.
However, alternative routes in NFADPN also add
complexity to the analysis of the system. To take
advantage of the alternative routes without
enforcing liveness for the whole system, we
generalize the concept of persistent production to
NFADPN. Asthe NFADPN model grows rapidly
with the scae of the problem, it is
computationally infeasible to analyze complex
problems based on reachability tree. We propose
an analysis method by which the problem can be
scaled through structural decomposition of
NFADPN to enforce peradent production for a
NFADPN in nomind dae We propoe aufficent
persgent production conditions to verify whether a
cartan type of resource faluresistolerable. A nomindly
persgtent NFADPN is 4ill peragtent under a perturbed
date aslong asthe sufficient condition holds
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