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Abstract. In this paper the expression “holonic cyclic manufacturing systems” 
refers to complex assembly/disassembly systems or fork/join systems, kanban 
systems, and in general, to any discrete event system that transforms raw mate-
rial and/or components into products. Such a system is said to be cyclic if it 
provides the same sequence of products indefinitely. This paper considers the 
scheduling of holonic cyclic manufacturing systems and describes a new ap-
proach using Petri nets formalism. We propose an approach to frame the opti-
mum schedule of holonic cyclic manufacturing systems in order to maximize 
the throughput while minimize the work in process. We also propose an algo-
rithm to verify the optimum schedule.  

Keywords: Petri net, event graph, holonic cyclic manufacturing system, mini-
mum cyclic time, kanban system. 

1   Introduction 

The explosive development of information and communication technology networks 
(ICTNs) is designing and implementing more sophisticated and flexible approaches 
for measuring and controlling manufacturing processes. It does this by linking high 
level systems, such as enterprise research planning (ERP) and customer relation ship 
management (CRM) to low-level, real-time control devices such as digital signal 
processing (DSP) programmable logic controllers (PLCs), robots, conveyors, milling 
machines, etc [1-3]. For these approaches, the supervisory controllers can be distrib-
uted across several different computational devices. Following the holonic approach, 
the supervisory controller can be considered as a single holon associated with a physi-
cal device, although atomically it consists of several sub-holons, one for each compu-
tational device involved in the control of physical device [3]. For a whole-parted 
system Koestler denoted the term “holon”, derived from the Greek word holos = 
whole with the suffix –on (like neutron or proton) pointing out the part characteristic 
[4]. A holon could compile strategy out of its rules, which fits to its intentions and 
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goals and with the interpolation of the environment. Typical holonic applications or 
models are applied mostly to the production processes, called holonic manufacturing 
systems (HMSs); we notice that similar to these approaches, they are modeled domain 
specifically [5, 6]. A complex holonic structure has a hierarchical order, rules and 
strategies framed by communication and reaction abilities. Most of the time, the hier-
archies are looked at as rigid and inflexible shapes. However, some approaches are 
not following this like the approaches described in [6], and the one proposed here. An 
interesting situation occurs in both designing and controlling flexible manufacturing 
systems (FMSs), where there is no hardware support to ensure synchronization of the 
common resources flows (e.g. practical situations where the outcome that changes the 
states of FMS depends on the global sequence of events). In order to model and to 
ensure an optimized control of these situations, we propose an approach based on 
fundamental class of Petri nets that are well known to produce safe models and safe 
protocols for common flows of resources in large and complex systems.  

In this paper, we focus our discussion on techniques for the predicting and  
verifying the performance of holonic distributed systems. We consider a holonic 
distributed system as a loosely or a tightly coupled processing element working co-
operatively and concurrently on a set of related tasks. In general, there are two ap-
proaches for performance evaluation [7]: deterministic models and probabilistic 
models. In deterministic models, it is usually assumed that the task arrival times, the 
task execution times, and the synchronization involved are known in advance to the 
analysis. This approach is very useful for performance evaluation of real-time con-
trol systems with hard deadline requirements. In probabilistic models, the task arrival 
rates and the task service time are usually specified by probabilistic distribution 
functions. Probabilistic models usually give a gross prediction on the performance of 
a system and are usually used for the early stages of system design when the system 
characteristics are not well understood. We analyze the performance of holonic dis-
tributed systems and, in order to model clearly the synchronization involved in con-
current systems, the Petri net model is chosen. In this paper we consider event graphs 
as Petri nets in which each place has one input transition and one output transition. It 
has been shown that distributed systems can be modeled as event graphs [8, 9]. 
When the manufacturing times are deterministic (respectively stochastic), the cycle 
time (respectively the mean cycle time) of the model is the period (respectively the 
mean period) required to manufacture a given set of parts which fits with the re-
quired ratios. The smaller the cycle time (respectively the mean cycle time) the 
higher the productivity of the system.  

When the firing times of transitions are deterministic, it is possible to define the 
cycle time of an elementary circuit. This is given by the ratio between the sum of the 
firing times associated with the transitions of the circuit and the number of the tokens 
in the places of the circuit, which is constant (we consider strongly connected graphs 
with the number of tokens in any elementary circuit, constant): 
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Where i = 1, 2, ... , n number of elementary circuits of the graph; Ci = cycle time of 

elementary circuits i; Ti =∑
n

i
ir = sum of the execution times of the transition in circuit 

i; Ni =∑
n

i
iM = total number of tokens in the places in circuit i. 

In this case it has been proven that the cycle time of a strongly connected event 
graph is equal to the greatest cycle time of all elementary circuits. Furthermore, given 
a value C* greater than the largest firing time of all transitions, an algorithm has been 
proposed in [10] to reach a cycle time less than C*, while minimizing a linear combi-
nation of the token number in the places. The coefficients of the linear combination 
are the elements of a p-invariant. When the event graph is the model of a ratio-driven 
distributed system (such as manufacturing system), C* has to be greater than the larg-
est cycle time of all command circuits [11]. A command circuit is an elementary cir-
cuit, which joins the transition that models the operations performed on the same 
machine [23 - 25]. Such a circuit contains one token to prevent more than one transi-
tion firing at any time in each elementary circuit. 

In other words, C* must be greater than the time required by the bottleneck ma-
chine to perform a sequence of parts which fits with the production ratios. In the case 
of random firing times, it is no longer suitable for the elementary circuits to evaluate 
the behavior of the event graph in order to reach a given performance. Thus, the re-
sults presented in this paper, which aim at reaching a given mean cycle time in a 
steady state while minimizing a linear combination of the place markings, are particu-
larly important at the preliminary design level of manufacturing systems working on a 
ratio-driven basis.  

We also consider a few techniques for scheduling and verifying the throughput of 
holonic cyclic manufacturing systems (HCMSs). A holonic cyclic production system 
manufactures a set of products at a constant frequency. We notice that any holonic 
cyclic production system can be modeled as an event graph, and therefore it is possi-
ble to drive the optimal throughput using the properties of the event graphs [12 - 14] 
by scheduling the tasks of the HCMSs in order to minimize the work in process. One 
may notice that nowadays often these production systems display a distributed con-
figuration, e.g. they can be seen as distributed systems. Section 2 frames the optimum 
behavior of the Petri net model of a holonic cyclic manufacturing system. In section 3 
we give a sufficient condition for optimality, e.g. an algorithm that maximizes the 
throughput of scheduling production lines and we propose an algorithm to evaluate 
the bounds used to calculate the average cycle time. Section 4 concludes the paper. 

2   Framing the Mean Cycle Time 

In this paper we examine the holonic cyclic manufacturing systems (HCMSs), e.g. 
production tasks including assembly/disassembly or fork/join ones, with unreliable 
machines displayed in Jakson (infinite -  capacity) networks and we consider the 
problem of maximizing the throughput by achieving a balance among the processing 
and repair of all machines under certain economical criteria. 
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It has been proven [14] that in an event graph a marking belonging to the optimal 
solution under a periodic operational mode (POM) is an optimal solution under the 
earliest operational mode (EOM). So, we consider the earliest operational mode of the 
event graph, and we assume only non pre-emptive transition firings. We further as-
sume that, when the transition fires, the related tokens remain in the input places until 
the firing process ends. They then disappear, and one new token appears in each out-
put place of the transition. We use the following notations: Mi = the marking of the 

elementary circuits, i ∈  N; +∈ RX k
t = random variable generating the time required 

for the kth firing of the transition t, k∈  N; It(n) = instant of the nth firing initiation of 
the transition t; E = set of elementary circuits; s(e) = sum of the random variables 

generating the firing; ∑
∈et

1
tX  = sum of times of the transitions belonging to e; Et = set of 

elementary circuits containing the transition t. 
We assume that the sequences of transition firing times are independent sequences 

of integrable random variables. It was proven in [15] that there is a positive constant 
s(M0) so that: 
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Where: Cm = the average cycle time of the event graph. 

Furthermore, we denote by mt the mean value of k
tX  and by qt the standard devia-

tion of k
tX , i.e., mt = F[ k

tX ] and 2
tq = F[ ( )2

t
k
t mX − ]. 

2.1   The Lower Bound of the Mean Cycle Time   

The cycle time of the deterministic problem obtained by replacing the random vari-
ables which generate the firing times by their mean values, is a lower bound of the 
mean cycle time [16]. The following relation proven in [17] provides a better lower 
bound for the value of the mean cycle time than the previous one: 

C** ≥ max
Ee∈

F[max{ ( ){ } ( )[ ]
( )eM

met\es

0

et
*

*+ , ( )et*m }] (3) 

Where t*(e) is a transition, belonging to event e, with the greatest average firing time, 
i.e., ( ) t

etet mmaxm *

∈
= , and s[e\{t*(e)}] is the sum of the firing times of the transitions 

belonging to e except t*(e). 

2.2   The Upper Bound of the Mean Cycle Time   

With M0 being the initial marking, we derive a marking M1 from M0 by leaving the 
places which are empty in M0, empty in M1, and by reducing to one the number of 
tokens in the places containing more than one token in M0.  
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Thus, M1(p) ≤ M0(p) for any set of places of the strongly connected event graph. 
An earliest operation mode running with the initial marking M1 leads to a greater 
mean cycle time than the one obtained when starting from M0. Then, starting from 
M1, we apply to the event graph the earliest operation mode, but we block the tokens 
as soon as they reach a place already marked in M1. This operation mode is referred to 
as the constrained mode [18]. We denote by C* the mean cycle time obtained by 
using the constrained operation mode when M1 is the initial marking. We know [8, 9] 
that C* is greater than the mean cycle time obtained by using the earliest operation 
mode starting from M1 which, in turn, is greater than the mean cycle time obtained 
with the earliest operation mode when the initial marking is M0. Thus, C* is an upper 
bound of the solution to our problem (i.e. the mean cycle time obtained starting from 
M0 when using the earliest operation mode). The following relation defines this upper 
bound:  

C* = F[ max
Zz∈

s(z)] 
(4) 

Where, Z is the set of directed paths verifying the following properties: 

- the origin and the extremity of any path is a marked place; 
- there is no marked place between the origin and the extremity of the path. 

3   The Evaluation of the Optimum Schedule of a HCMS 

The problem is to determine the time at which each task should begin during the cy-
cle. We assume that the set of tasks does not change, the tasks are not preemptive, and 
the task processing is deterministic. We determine two bounds for the mean cycle 
time of a Petri net model of a HCMS. The next step is to give an algorithm for opti-
mizing the Petri net model in order to determine a feasible scheduling for the produc-
tion cycle and to minimize the work in process, e.g. the number of cycles necessary to 
complete one item of each product, given that schedule [19-22]. 

Algorithm: 

1. The tasks of the HCMS that require resources are scheduled in any order. We 
notice by si and by ei the start, respectively the end time of task i. All tasks 
start in the interval [0, C*], and the resources can perform maximum one task 
at a time, where C* is given by relation (4). 

2. For each product p = 1, 2, …, n go to step 3 for the first task and go to step 4 
for the rest of the tasks. 

3. Let i be the first task in the sequence of tasks Tk , k = 1, 2, …, m necessary to 
produce one unit of k. Assign the table Tk(i) = 0 for this task. 

4. For each product label task Tk(j) as follows: if sj > ei then set Tk(j) = Tk(j) + 
1, otherwise set Tk(j) = Tk(i). 

5. For each product calculate the production time as follows:  
Cp = [Tp(l) – Tp(f)]·Cmed + sl - sf, where f is the first task, and l is the last 

one, in the sequences of tasks Tk, and Cmed = (C* + C**)/2, with C** and C* 
given by relation (3) , respectively relation (4).  
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6.  For the entire production the total average work in process is ∑
=

n

p med

p

C

C

1

, 

where p=1, 2, …, n is the number of products in a complete production cycle. 
  
In the reminder of the previous section, we compare the previous bounds with the existing 
ones. Under the assumption of non-preemptive transition firing, it was proven in [16] that: 

C** ≥ max
Ee∈

F[max{ ( ){ } ( )[ ]
( )eM

met\es

0

et
*

*+ , ( )et*m }]  = old lower bound (5) 

C* ≤ ∑
t

tm  = old upper bound 
(6) 

The following relations show that the new bounds are better than the old ones. But how 
close are they to the optimal solution? In order to answer this question we give the next 
algorithm, inspired from the operational research area, for verifying the system’s  
performance: 

a) Express the token loading in a (p x p) matrix P, where p is the number of places in 
the Petri net model of the system. Entry (A, B) in the matrix equals x if there are x tokens 
in place A and place A is connected directly to place B by a transition; otherwise (A, B) 
equals 0.  

b) Express the transition time in a (p x p) matrix Q. The entry (A, B) in the matrix 
equals to the mean values of the random variables which generate the firing times (i.e., 

k
tX ) if A is an input place of the transition “i” and B is its output place. Entry (A, B) 

contains the symbol “w” if A and B are not connected directly as described above.    
c) Compute matrix Cmed·P - Q (with p – w = ∞ , and Cmed = (C* + C**)/2, for p∈N), 

than use Floyd’s algorithm to compute the shortest distance between every pair of nodes 
using matrix CP-Q as the distance matrix. The result is stored in matrix S. There are three 
cases. 
1) All diagonal entries of matrix S are positive (i.e., Cmed·Nk – Tk > 0 for all circuits - see 

relation (1)) the system performance is higher than the given requirement; 
2) Some diagonal entries of matrix S are zero’s and the rest are positive (i.e., Cmed·Nk – 

Tk = 0 for some circuits, and Cmed·Nk – Tk > 0 for the other circuits) - the system per-
formance has just reached the given requirement; 

3) Some diagonal entries of matrix S are negative (i.e., Cmed·Nk – Tk < 0 for some cir-
cuits) - the system performance is lower than the given requirement. 
 

In addition we may say that when a decision-free system runs at its highest speed, 
Cmed·Nk equals to Tk for the bottleneck circuit. This implies that the places in the bot-
tleneck circuit will have zero diagonal entries in matrix S. The system performance 
can be improved by reducing the execution times of some transitions in the circuit, or 
introducing more concurrency in the circuit (by modifying the initial marking), or 
increasing the mean cycle time (by choosing another average value for it). 
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4   The Evaluation of Kanban Systems 

As we well know, an event graph can be used to model a kanban system. An example 
of a simple production line will be used to exemplify the above discussed problems. 
The production line consists of two machining tools (M1 and M2), two robot arms and 
two conveyors. Each machining tool is serviced by a dedicated robot arm, which 
performs load and unload tasks. One conveyor is used to transport work-pieces, a 
maximum of two at a time. The other conveyor is used to transport empty pallets. 
There are three pallets available in the system. Each work-piece is processed on M1 
and M2, in this order.  

The stochastic timed Petri net model of this system is shown in Fig.1. The initial 
marking of the net is (300012111)T. When the time delays are modeled as random 
variables, it has become a convention to associate the time delays with the transition 
only. The involved transition has the associated time delays expressed in time units. 
The random variables X1, X2, X3, X4 are assigned to the transitions t1, t2, t3, t4, respec-
tively. X1 is uniformly distributed on [0.2], X2 and X3 are random variables with 
F[X2] = 11 t.u. and F[X3] = 1 t.u. X4 is a constant and equals to 17 t.u. The Petri net 
model contains four loops. 

The time delays associated with these loops, as well as their token contents are: 

1) loop: t1 p2 t2 p3 t3 p4 t4 p1 t1, loop delay: 30 u.t., token sum: 3, cycle time: 10 u.t. 
2) loop: t1 p2 t2 p5 (or p8 ) t1, loop delay: 12 u.t., token sum: 1, cycle time: 12 u.t. 
3) loop: t2 p3 t3 p6 t2, loop delay: 2 u.t., token sum: 2, cycle time: 1 u.t.   
4) loop: t3 p4 t4 p7 (or p9 ) t3, loop delay: 18 u.t., token sum: 1, cycle time: 18 u.t. 

Thus, the minimum cycle time is 18 time units. This means that it takes a mini-
mum of 18 time units to transform a raw workpiece into a final product. Computing 
the lower-bound and the upper bound of the cycle time of the event graph from 
Fig.1. by using the relations (3) and (4) , we obtain the values: C** ≥ 12 u.t.; C* ≤  
18 u.t.    
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Fig. 1. Stochastic Petri net model  for a manufacturing system 
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5   Conclusion 

This work establishes a necessary relation between diagnosis and performances of 
holonic distributed systems, such as discrete event manufacturing systems. We have 
proposed a new architecture for the diagnosis and performance evaluation of holonic 
distributed systems using Petri nets formalisms and their properties [19, 20]. 

An important result in this paper is that it is always possible to reach a mean cycle time 
as close as possible to the greatest mean firing time using a finite marking, assuming that a 
transition cannot be fired by more than one token at each time. This result holds for any 
distribution of the transition firing time. An algorithm for verifying the distributed systems 
performance was introduced. An approach for computing the upper and lower bounds of 
the performance of a conservative general system is mentioned. However, the bounds 
produced may be loose.  

Further research will focus on the conditions under which a mean cycle time can be 
reached with a finite marking. 
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