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PAPER

Scheduling for a Large-Scale Production System Based on

a Continuous and Timed Petri-Net Model

YoungWoo KIM†, Nonmember, Akio INABA††, Tatsuya SUZUKI†††, Regular Members,
and Shigeru OKUMA†††, Nonmember

SUMMARY This paper presents a new hierarchical schedul-
ing method for a large-scale manufacturing system based on the
hybrid Petri-net model, which consists of CPN (Continuous Petri
Net) and TPN (Timed Petri Net). The study focuses on an au-
tomobile production system, a typical large-scale manufacturing
system. At a high level, CPN is used to represent continuous
flow in the production process of an entire system, and LP (Lin-
ear Programming) is applied to find the optimal flow. At a low
level, TPN is used to represent the manufacturing environment
of each sub-production line in a decentralized manner, and the
MCT algorithm is applied to find feasible semi-optimal process
sequences for each sub-production line. Our proposed scheduling
method can schedule macroscopically the flow of an entire sys-
tem while considering microscopically any physical constraints
that arise on an actual shop floor.
key words: hybrid control, large-scale production system
scheduling, hybrid Petri-net model, RTA* algorithm, LP

1. Introduction

In a manufacturing system, scheduling is a typical com-
binatorial optimization problem, and one that decides
the starting times and allocations of jobs to be pro-
cessed. A desirable scheduling method must include
two characteristics: (1) Easy formulation of a prob-
lem. (2) Quick identification of semi-optimal solutions.
To meet these requirements, numerous approaches have
been proposed. Model-based approaches have clear ad-
vantages over other ones, since they make it easy (1)
to consider the various practical constraints that arise
in production environments, (2) to monitor the current
situation of a production system, and (3) to utilize pow-
erful search algorithms. Among several modeling tools,
the Petri Net (PN) is considered powerful because it
can be understood graphically and features algebraic
manipulability.

The PN model has served as the basis for several
types of manufacturing systems: Schemes for deadlock
avoidance were reported in [1]–[4] ; performance eval-
uation of given schedules was carried out by using a
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stochastic Petri net in [5]; and a combination with a
heuristic search was developed in [6]–[8].

These previous studies considered various realis-
tic constraints and transformed them into precedence
constraints and capacity constraints in the PN model.
The manufacturing environment of a real shop floor,
however, is much more complex. The previous stud-
ies did not address adaptability to unexpected changes
in the manufacturing environment or in production re-
quests. From these points of view, the authors have
proposed the MCT (Minimization of total Completion
Time) algorithm based on the timed Petri-net model
and the reactive fast graph search algorithm [8]. MCT
has demonstrated superior computational performance
and adaptability for job shop scheduling in FMS and
has satisfied various constraints arising from the phys-
ical characteristics of the production system and the
logical specification of production processes.

A real production system usually consists of many
subsystems, and the direct application of the MCT al-
gorithm to such a system is still difficult. On the other
hand, if the MCT algorithm is applied to each subsys-
tem independently, the results may bring about a bot-
tleneck in the entire system and may cause an unrea-
sonably large amount of inventory to build up. There-
fore, for efficient scheduling in large-scale production,
the process flow of the entire system should be captured
in cooperation with the decision-making for the process
sequence at each local subsystem.

In recent years, there have been some attempts
to grasp overall process behavior analytically by em-
ploying fluid approximation models such as Continu-
ous Petri Net [9], Hybrid Petri Net [10]–[13], Batch
Petri Net [14], [15], Hybrid Flow Net [16], [17], High
Level Petri Net [18]–[20] and Stochastic Petri Net [21],
[22]. The basic idea in these fluid approximation mod-
els is to extend the modeling ability of the Petri net
by allowing the place and/or transition to handle con-
tinuous variables in addition to discrete logical vari-
ables. F. Baluzzi et al. formulated a general prob-
lem to find the continuous process flow in a produc-
tion system by means of combining First-Order Hy-
brid Petri Net (FOHPN) with Linear Programming
(LP) [13]. In that work, the optimal process speed at
each machine was found “myopically” by applying LP.
Although these approaches based on fluid approxima-
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tion models could provide systematic planning schemes
for high-level decision-making, the way in which they
could be made to cooperate with low-level scheduling,
which generates concrete feasible process sequences, has
yet to be fully discussed.

This paper presents a new scheduling method for a
large-scale manufacturing system based on a hierarchi-
cal Petri net model consisting of the Continuous Petri
Net (CPN) and the Timed Petri Net (TPN). An appli-
cation to an automobile production system, a typical
large-scale production system, is studied. At the high
level, CPN is used to represent continuous flows, which
correspond to process speeds in each of the subsystems
and the transfer speeds between production lines in the
entire production system; LP is applied to find the
optimal flow. Also, a sampling period is introduced
in the high-level model, and the flow is supposed to
be constant during two successive sampling instants.
LP is carried out at each instance. The LP solution
in the high-level model is regarded as a reference for
the process speed in each sub-production line, which
is modeled on the low level. On the low level, TPN
is used to represent the manufacturing environment of
each sub-production line in a decentralized manner, and
the MCT algorithm is applied to find a feasible semi-
optimal process sequence for each sub-production line.
Our proposed scheduling method macroscopically tries
to find an optimal flow of the process for the entire
system and to generate microscopically a processing
sequence that accommodates the physical constraints
occurring on a real shop floor. An advantage of the hi-
erarchical scheduling method is its adaptability to un-
expected changes in the production environment, such
as processing failures, conveyance delays and so on.
The usefulness of the hierarchical scheduling method
is demonstrated for a large-scale manufacturing system
through some numerical experiments.

2. Hierarchical Modeling Based on CPN and
TPN

This section outlines the production environment of the
automobile manufacturing system that is the focus of
this paper, and it introduces the hierarchical model-
ing method based on CPN and TPN. The CPN model
adopts the same basic dynamics as the continuous part
of the FOHPN model [13].

2.1 Outline of Automobile Production System

An automobile production system is generally com-
posed of the following six sub-production lines.

(1) Body assembly line (production line 1: P1):
press process, body assembly, painting/coating
and interior finishing.

Fig. 1 Automobile production system.

(2) Main assembly line (production line 2: P2): ac-
celerator installation, chassis furnishing, body
mounting, tire mounting, showering/testing and
final testing.

(3) Metalworking line 1 (production line 3: P3):
molding, casting, coating/drying and die-
casting.

(4) Metalworking line 2 (production line 4: P4):
forging and heat-treating.

(5) Machining line (production line 5: P5): machin-
ing, heat-treating and transfer/machining.

(6) Engine assembly line (production line 6: P6):
engine assembly, gearbox assembly and engine
testing.

The entire system includes the confluence and dif-
fluence of all of the production lines, as shown in Fig. 1.
Each line may include serial and/or parallel sequences.

2.2 High-Level Modeling by CPN

In high-level modeling, the macroscopic behavior of an
automobile production system is described by CPN,
which helps us to understand the process flow of an
entire system.

2.2.1 Structure of CPN

The CPN model of the automobile production system
is defined as follows:

NC = (PC , TC , v, I
−
C , I

+
C ,M

0
C) (1)

where components PC , TC , v, I+
C , I

+
C andM0

C are given
in the following:



KIM et al.: SCHEDULING FOR A LARGE-SCALE PRODUCTION SYSTEM BASED ON A CONTINUOUS
585

• Set of continuous places PC

Continuous places represent load stations or unload sta-
tions in each production line. Subsets of PC are defined
as follows:

P 1
C : set of load stations

P 2
C : set of unload stations

Then the set of continuous places PC is given by

PC = P 1
C ∪ P 2

C . (2)

• Set of continuous transitions TC

Continuous transitions represent the flow of work from
a macroscopic point of view. There are two kinds of
transitions: (1) a transition corresponding to a produc-
tion line (from load station(s) to the unload station in
each production line) and (2) a transition correspond-
ing to a transfer line (from the unload station to load
station(s) in the next production line). Subsets of TC

are defined as follows:

T 1
C={ t | •t ⊂ P 1

C , t
• ⊂ P 2

C}
T 2

C={ t | •t ⊂ P 2
C , t

• ⊂ P 1
C}

Here, •t(t•) denotes the preset (postset) of a transition.
Then, the set of continuous transitions TC is given by

TC = T 1
C ∪ T 2

C . (3)

• The firing speed of continuous transition v
Function v(tl, τ) specifies the firing speed assigned to
continuous transition tl at time τ . v(tl, τ) must satisfy

0 <= v(tl, τ) <= vM (tl) (4)

where vM (tl) indicates the maximum firing speed of the
continuous transition tl.

• Functions I−C and I+
C

Functions I−C (p, t) and I+
C (p, t) specify the backward

and forward incidence relationships between the con-
tinuous transition t and the continuous place p that
precedes or follows the transition, respectively. I+

C and
I−C represent the number of works that flow along the
corresponding arc during a unit time.

• Initial marking M0
C

M0
C is the initial marking.

• Virtual net dynamics
The net dynamics of CPN is supposed to be represented
by a first-order differential equation for each continuous
place p ∈ PC , as follows:

dmc(p, τ)
dτ

=
∑
ti∈Ie

C(p, ti) · v(ti, τ) (5)

where mc(p, τ) is the marking of continuous place p
at time τ , C(p, t) is the incidence relationship given by
C(p, t) = I+

C (p, t)−I−C (p, t), and Ie = {t1, · · · , tn} is the
set of enabled continuous transitions ti. Also, mc(p, τ)

Fig. 2 CPN model of automobile production system.

is supposed to have its maximum value mM (p).
Equation (5) is easily transformed into its discrete

version (6) supposing that v(ti, κTs) is constant during
two successive sampling instants.

mc(p, (κ+ 1)Ts)

= mc(p, κTs) +
∑

l

C(p, tl) · v(tl, κTs) · Ts (6)

where κ is a number of cycles and Ts is a sampling
period. Note that this virtual net dynamics is used
only for estimating the overall behavior of an entire
system, and that the actual marking of a CPN model
is decided by the evolution in the TPN model at each
sampling instant (See Sect. 3).

Figure 2 shows the CPN model of the automobile
production system in Fig. 1. In Fig. 2, tα(α = 1, · · · , 7)
and tβ(β = 8, · · · , 13) indicate the production line and
the transfer line, respectively. Also, ‘Li’ and ‘Uj’ indi-
cate load station i and unload station j, respectively.
Note that each continuous transition ti can take only
one output place p ∈ ti

• in this model.

2.3 Low-Level Modeling by TPN

In the low-level modeling, the microscopic behavior in
each production line is described by TPN. TPN en-
ables us to take into consideration the various physical
constraints that occur on a real shop floor and to in-
troduce some powerful search engines to find (semi-)
optimal process sequences.

2.3.1 Structure of TPN

A TPN model l(l = 1, · · · , 7) is allocated to continuous
transition tl and is defined as follows:

NDl
= (PDl

, TDl
, CDl

, θDl
, I−Dl

, I+
Dl
,M0

Dl
) (7)

• Set of discrete places PDl

The discrete places represent the resources, and the
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subsets of PDl
are defined as follows:

P 1
Dl

: set of load stations
P 2

Dl
: set of unload stations

P 3
Dl

: set of input buffers
P 4

Dl
: set of output buffers

P 5
Dl

: set of machines
P 6

Dl
: set of paths

The capacities of the discrete place for machines and
paths are supposed to be 1, and the capacities of the
other placescan be more than 1. The set of discrete
places PDl

is given by

PDl
=

6∪
i=1

P i
Dl
. (8)

• Set of discrete transitions TDl

Discrete transitions represent the movement of the work
(discrete token) from the microscopic point of view,
that is, they represent the real mechanical action in
the process. There are eight kinds of transitions, as
follows:

T 1
Dl
={ t | •t ⊂ P 1

Dl
, t• ⊂ P 3

Dl
}

T 2
Dl
={ t | •t ⊂ P 1

Dl
, t• ⊂ P 6

Dl
}

T 3
Dl
={ t | •t ⊂ P 1

Dl
∪ P 5

Dl
, t• ⊂ P 4

Dl
}

T 4
Dl
={ t | •t ⊂ P 3

Dl
, t• ⊂ P 5

Dl
}

T 5
Dl
={ t | •t ⊂ P 4

Dl
, t• ⊂ P 6

Dl
}

T 6
Dl
={ t | •t ⊂ P 6

Dl
, t• ⊂ P 3

Dl
}

T 7
Dl
={ t | •t ⊂ P 6

Dl
, t• ⊂ P 6

Dl
}

T 8
Dl
={ t | •t ⊂ P 4

Dl
∪ P 6

Dl
, t• ⊂ P 2

Dl
}

Then, the set of discrete transitions TDl
is given by

TDl
=

8∪
i=1

T i
Dl
. (9)

• Set of color information CDl
for token cDl

Each token has color information to represent the sta-
tus of the corresponding work. The color of a token is
defined as follows:

cDl
= (ct, co), (10)

ct ∈ CDt , co ∈ CDo ,

where
CDt : set of indices for type of job
CDo : set of indices for operation stage

• Functions I−Dl
and I+

Dl

Functions I−Dl
and I+

Dl
specify the backward and for-

ward incidence relationships between the discrete tran-
sition and the discrete place that proceeds or follows
the transition, respectively. They are defined as fol-
lows:

(1) If t ∈ T 1
Dl
, T 2

Dl
, T 4

Dl
, T 5

Dl
, T 6

Dl
, T 7

Dl
, T 8

Dl
,

•t = {p1}, t• = {p2}, card{•t} = 1,
then I−Dl

(p1, t) = {(ct1 , co1)}

I+
Dl
(p2, t) = {(ct1 , co1)}

(2) If t ∈ T 3
Dl
, •t = {p1, p2, p3}, t• = {p4},

p1, p2 ∈ P 1
Dl
, p3 ∈ P 5

Dl
p4 ∈ P 4

Dl
,

then I−Dl
(pi, t) = {(cti , coi)} for all i that satisfy

1 <= i <= 3
I+
Dl
(p4, t) = {(cti , coi + 1)}

(3) If t ∈ T 3
Dl
, •t = {p1}, t• = {p2}, p1 ∈ P 5

Dl
,

p2 ∈ P 4
Dl
,

then I−Dl
(p1, t) = {(ct1 , co1)}

I+
Dl
(p2, t) = {(ct1 , co1 + 1)}

(4) If t ∈ T 5
Dl
, •t = {p1, p2, p3}, t• = {p4},

p1, p2, p3 ∈ P 4
Dl
p4 ∈ P 6

Dl
,

then I−Dl
(pi, t) = {(cti , coi)} for all i that satisfy

1 <= i <= 3
I+
Dl
(p4, t) = {(cti , coi)}

(5) If t ∈ T 5
Dl
, •t = {p1, p2}, t• = {p3}, p1, p2 ∈ P 4

Dl
,

p3 ∈ P 6
Dl
,

then I−Dl
(pi, t) = {(cti , coi)} for all i that satisfy

1 <= i <= 2
I+
Dl
(p3, t) = {(cti , coi)}

(6) If t ∈ T 8
Dl
, •t = {p1, p2}, t• = {p3},

p1 ∈ P 4
Dl
, p2 ∈ P 6

Dl
, p3 ∈ P 2

Dl
,

then I−Dl
(pi, t) = {(cti , coi)} for all i that satisfy

1 <= i <= 2
I+
Dl
(p4, t) = {(cti , coi)}

• Initial marking M0
Dl
and firing time θDl

M0
Dl
is the initial marking and θDl

is the firing time.

The formulation about the backward and forward
relationships between the discrete transition and dis-
crete place can be applied to all transitions in TPN
models. For more detail, see [23]. Figure 3 shows a
TPN model of production line 1 for the jobs listed in
Table 1. A double and single circle in Fig. 3 indicate a
place at which capacity is more than 1 and only 1, re-
spectively. Also, white and black transitions are timed
transitions at which the firing time is more than 1 and
only 1, respectively.

In Fig. 3, Ln, Un, IBn, OBn, Mn and Pn indicate
load station, unload station, input buffer, output buffer,
machine and path, respectively.

The TPN model represents the physical con-
straints and the behaviors explicitly, and enables us to
analyze the status of the production line visually. The
same formulation is applied to other production lines,
as shown in Fig. 3 to Fig. 8.
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Fig. 3 TPN model of production line 1.

Fig. 4 TPN model of production line 2.

Fig. 5 TPN model of production line 3.

2.4 Interaction between CPN and TPN

Definition 1: min(tl, κTs) is an internal marking for
the transition tl in the CPN at sampling instant κTs.
This value is equal to the number of discrete tokens in
the TPN of the corresponding production line, exclud-
ing load station P 1

Dl
and unload station P 2

Dl
. ✷

Fig. 6 TPN model of production line 4.

Fig. 7 TPN model of production line 5.

Fig. 8 TPN model of production line 6.

By the introduction of the internal marking, the
CPN model is consistent with the TPNmodel. Roughly
speaking, the internal marking describes the amount of
continuous token that is under the ‘transit’ state at the
continuous transition tl.

The CPN model and the TPN models inter-
act with each other at every sampling instant κ · Ts

by a “marking converter(MC)” and a “reference
generator(RG).” The marking converter generates
the marking of the CPN model mc(p, κTs) (p ∈ PC)
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Table 1 Machine routings and processing times for production
line 1.

Operation 1 2 3 4 5
Number

Job M1 M4 M5 M6 M7
1 (4) (3) (2) (3) (3)

Job M2
2 (3)

Job M3
3 (2)

Fig. 9 Outline of proposed scheduling method.

and internal marking min(tl, κTs) based on the mark-
ings of the TPN models, md(p, κTs) (p ∈ PDl

). The
function of MC can be summarized as follows:

(1) The marking of P 1
Dl
and P 2

Dl
(i.e. load station and

unload station) in each TPN model is directly
referred to as the marking of the corresponding
place in the CPN model.

(2) The total amount of marking of other places in
each TPN model is referred to as the internal
marking for the corresponding transition in the
CPN model.

By the introduction of internal marking and MC,
consistency between the CPN model and TPN model
can be guaranteed. Also, a reference generator cal-
culates the number of works v(tl, κTs) · Ts
 to be pro-
cessed at the next cycle in each TPN model, cutting
off decimals in order to make this number an integer.
The interaction between the CPN model and the TPN
models is depicted in Fig. 9.

3. Hierarchical Scheduling Based on Hierarchi-
cal Modeling

This section presents a hierarchical scheduling method
based on the hierarchical Petri-net model developed in
the previous section. At the high level, continuous vari-
ables such as the production speeds in each production
line and transfer speeds in each transfer line are analyti-
cally planned at every sampling instant by applying LP
to the CPN model based on mc(p, κTs) and min(t, κTs)
obtained by the marking converter. At the low level,

Fig. 10 Interaction between high- and low-level scheduling.

the process sequence in each TPN model is scheduled
by applying the MCT algorithm so as to process the
number of works obtained by the reference generator.
An outline of the proposed scheduling method is de-
picted in Fig. 10

3.1 High-Level Scheduling

LP enables us to maximize or minimize the linear objec-
tive function satisfying the linear inequality constraint
and the non-negativity condition for variables. In our
research, the simplex method, which is one of the most
well known methods, is used.

Although the firing speed v(tl, κTs) for each tran-
sition has its maximum value vM (tl), the actual feasible
maximum speed depends on the distribution of contin-
uous marking at κTs. In the following, another con-
straint on v(tl, κTs) is introduced, taking into account
the situation around tl.

Definition 2: mI(tl, κTs) is an input potential
marking for the input place pi ∈ •tl of continuous tran-
sition tl at the sampling instant κTs. The mI(ti, κTs)
is defined as follows:

mI(tl, κTs)

= min
i

{mc(pi, κTs)+I+
C (pi, tk) · v(tk, κTs) · Ts

I−C (pi, tl)

}

+min(tl, κTs) (11)

where tk ∈ •pi. ✷

Definition 3: mO(tl, κTs) is output potential
marking for the output place po ∈ tl

• of continuous
transition tl at the sampling instant κTs. mO(tl, κTs)
is defined as follows:

mO(tl, κTs) =
mM (po)−mc(po, κTs)

I+
C (po, tl)

+
∑

k

I−C (po, tk) · v(tk, κTs) · Ts

I+
C (po, tl)

(12)

where tk ∈ p•O, and mM (po) is the maximum capacity
of place po. ✷

The mI(tl, κTs) and mO(tl, κTs) include not only
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the amount of continuous token in tl at sampling in-
stant κTs, but also the potential inflow to the input
place pi and outflow from output place po, respectively.
The virtual net dynamics in CPN (6) is used only to
calculatemI andmO, i.e. to estimate the potential flow
of tokens.

Definition 4: In each transition tl (tl ∈ It(κTs)),
vI(tl, κTs) and vO(tl, κTs) correspond to the firing
speeds taking into account the potential marking
mI(tl, κTs) and mO(tl, κTs), respectively. They are de-
fined as follows:

vI(tl, κTs) =
mI(tl, κTs)

Ts
, ∀pi ∈ •tl

= min
i

{ mc(pi, κTs)
I−C (pi, tl) · Ts

+
I+
C (pi, tk) · v(tk, κTs)

I−C (pi, tl)

}

+
min(tl, κTs)

Ts
(13)

and

vO(tl, τTs) =
mO(tl, κTs)

Ts
, po ∈ tl

•

=
mM (po)−mc(po, κTs)

I+
C (po, tl) · Ts

+
∑

k

I−C (p, tk) · v(tk, κTs)
I+
C (po, tl)

. (14)

✷

From (4),(13) and (14), v(tl, κTs) must meet the
following equation in order to find the ‘reasonable’ fir-
ing speed for tl at sampling instant κTs.

v(tl, κTs) <= vM (tl)
v(tl, κTs) <= vI(tl, κTs)
v(tl, κTs) <= vO(tl, κTs) (15)

Example : Consider the CPN described in
Fig. 11. The marking is supposed to be given as fol-
lows:

mc(p5, κTs) = 0, mc(p6, κTs) = 8,
mc(p7, κTs) = 22, mc(p8, κTs) = 4, (16)
mc(p9, κTs) = 25

Fig. 11 Example of CPN.

Here, maximum capacities mM for all places are sup-
posed to be 30, maximum firing speeds vM for all tran-
sitions are 5, the sampling period Ts = 4, I+

C (p, t) = 1,
I−C (p, t) = 1 and min(t3, κTs) = 2. The firing speed of
each continuous transition is supposed to be given as
follows:

v(t1, κTs) = 4, v(t2, κTs) = 4,
v(t4, κTs) = 3. (17)

In this case, from •t3 = {p5, p6}, •p5 = t1 and
•p6 = t2, MI(t3, κTs), and mO(t3, κTs), vI(t3, κTs) and
vo(t3, κTs) are calculated as follows.

mI(t3, κTs) = min
{
(0 + 1× 4× 4),

(8 + 1× 4× 4)
}
+ 2 = 18

mO(t3, κTs) = 30− 22 + 1× 3× 4 = 20,
vI(t3, κTs) = 18/5 = 3.5, (18)
vO(t3, κTs) = 20/5 = 4. ✷

The inequality constraints of (15) for continuous
transition tl can be applied to all transitions and trans-
formed into equality constraints like (20) by introducing
slack variables considering a condition of non-negativity
for the objective function of (19). In (19), cl is the cost
coefficient for transition tl.

max
∑

tl∈TC

cl · v(tl, κTs) (19)




v(t1, κTs) = vI(t1, κTs) + s1,1(κTs)
...

...
v(tL, κTs) = vI(tL, κTs) + s1,L(κTs)
v(t1, κTs) = vO(t1, κTs) + s2,1(κTs)

...
...

v(tL, κTs) = vO(tL, κTs) + s2,L(κTs)
v(t1, κTs) = vM (t1) + s3,1(κΓ)

...
...

v(tL, κTs) = vM (tL) + s3,L(κTs)

(20)

This optimization problem belongs to a class of
Linear Programming Problems (LPP), and some pow-
erful algorithms, such as the simplex method, have been
developed.

The optimal firing velocity, vopt(tl, κTs), acts as
the reference value of the production speed (or the
transferring speed) for a production line (or transfer
line) l, that is, the production line (or transfer line)
tries to process (or convey) vopt(tl, κTs) · Ts works be-
tween κTs and (κ+1)Ts. vopt(tl, κTs) remains constant
during a sampling interval.

In the proposed planning scheme, the macroscopic
optimal flow of works is found at every sampling in-
stant. This also enables the production system to flex-
ibly accommodate changes in the system environment
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such as process failures, conveyance delays, changes in
process requirements and so on. For example, in case a
process failure occurs in production line l in the middle
of the κth sampling cycle, and the line recovers in the
middle of the (κ+n)th sampling cycle, LP is applied by
specifying vM (tl) = 0 between the (κ + 1)th sampling
and the (κ+ n)th sampling.

3.2 Decision of Discrete Process Sequence by MCT

The MCT [8] algorithm was developed for the time-
optimal scheduling of a production system. This al-
gorithm interleaves the search and execution in a re-
active manner. In our framework, the MCT is applied
to each production line (low-level TPN model) inde-
pendently. The search engine of the MCT consists of
the RTA* algorithm and a rule-based supervisor. The
RTA* algorithm was originally developed in the field
of artificial intelligence and is a reactive graph search
method. It is adaptable to abrupt changes in the search
space of a given problem, whereas conventional graph
searches have the following drawbacks: (1) the search
procedure must be completed before the execution and
(2) when an unexpected change of search space (caused
by a problem such as machine trouble) occurs, the re-
maining process must be rescheduled. In the RTA*
algorithm, however, the quality of the solution may be
inferior to those of the conventional algorithms. In or-
der to overcome this problem, a rule-based supervisor is
incorporated with the RTA* into the MCT algorithm.
The role of the supervisor is to reduce the search space
of RTA* by pruning off obviously undesirable branches
in a graph search. In our application, the following
rules are adopted as the supervisory control law:

(1) In the execution of all tasks in each production
or conveyance line, maximum parallel execution
has a priority.

(2) A job loading at the load station or output buffer
is controlled so as to avoid an overflow in the
input buffer.

Rule (1) enables the MCT to find a semi-optimal
solution. Also, rule (2) prevents the production line
from getting stacked in deadlock. In the RTA* algo-
rithm, a heuristic function, which estimates the cost
from the current state to the goal, plays an important
role. In our study, the following heuristic function is
adopted.

h(m, l) =
n∑

i=1

pe(si)∑
j=pc(si)+1

σp(J(si), j,m, l) (21)

where n is a number of tokens at marking m, si is
a label assigned to each token at marking m, l is an
index representing the line number, J(si) is an index
representing the type of the job corresponding to si,

pc(si) is an index representing the operation stage of the
job corresponding to si, pe(si) is an index representing
the final operation for job J(si), and σp(i, j,m, l) is a
processing time for the operation stage j of the job i.

Note that the MCT always finds the time-optimal
solution and does not try to control the production
speed of each line explicitly. Once the low-level sched-
uler for each line receives the reference production
speed vo(tl, κTs) from the high-level scheduler, it runs
the MCT, finally terminating the MCT after the last
transition (i.e. the transition preceding the unload sta-
tion) fires vo(tl, κTs)Ts times or the sampling interval
Ts elapses. If no works exist in line l, then MCT is not
executed until some works are imported from another
line.

The proposed hierarchical scheduling method is
summarized as follows:

Step 1 (In marking converter) Determine the contin-
uous markings mc(p, κTs) for the continuous
places p ∈ PC and initial marking min(t, κTs)
for the continuous transition t ∈ TC by checking
the markings of each TPN model

Step 2 (At high level) Find the optimal firing speed
vopt(t, κTs) of each continuous transition t ∈ TC

at κTs by applying LP.

Step 3 (In reference generator) Cut off decimals of
vopt(t, κTs) · Ts found in step 2 and give the re-
sulting number to the correspondin production
line as a reference production speed between κTs

and (κ+ 1)Ts

Step 4 (At low level) Apply the MCT algorithm to each
TPN model in a distributed manner.

Step 5 Repeat the above procedure, steps 1 to 4, until
all works are completed.

4. Numerical Experiments

In order to confirm the usefulness of the proposed
method, numerical experiments were performed. The
manufacturing environments are shown in Fig. 1, and
the capacities of all load stations and unload stations

Table 2 Maximum capacities of load/unload stations.

Load station L.1 L.2 L.3 L.4

mM 300 20 20 20

Load station L.5 L.6 L.7 L.8

mM 200 200 100 20

Load station L.9 L.10

mM 20 20

Unload station U.1 U.2 U.3 U.4

mM 20 100 20 20

Unload station U.5 U.6 U.7

mM 20 20 20
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Table 3 Machine routings and processing times for works to
be processed at each production line.

Line Work 1 2 3 4 5 6

1 1 M1 M4 M5 M6 M7
(4) (3) (2) (3) (3)

1 2 M2
(3)

1 3 M3
(2)

2 1 M8 M9 M10 M11 M12 M13
(5) (4) (6) (5) (3) (3)

3 1 M14 M15 M16
(2) (4) M17

M18
(5)

3 2 M19
(3)

4 1 M20 M21
(5) (5)

5 1 M22
(2)

5 2 M23 M24 M25
(3) (2) (1)

6 1 M26 M27 M28
(6) (5) (4)

are listed in Table 2, while the capacities of all input
buffers and output buffers in the low-level model are
supposed to be 5. The machine routings and processing
times for the works are listed in Table 3. The maximum
firing speed and conveyance speed of each line are also
listed in Table 4. These values can be easily found by
applying the MCT algorithm several times, varying the
number of works committed to each line.

4.1 Case Study

To begin with, the results of a sample scheduling are
shown in Fig. 12 in a case in which 25 cars are produced.
In Fig. 12, the reference number and the actual number
of works processed in each continuous transition (line)
at κth cycle are shown. The gray bars represent the
reference number of products to be produced in line l,
vopt(tl, κTs) · Ts, which was decided by LP in the high-
level scheduler. Meanwhile, the black bars represent
the number of works that actually flow through the cor-
responding continuous transition during the sampling
interval. This value coincides with the number of fir-
ings of the transition that follows the load station in
each TPN model. In the first cycle (κ = 1), the refer-
ence value almost coincides with vM . This is because
all continuous places except for L.1, L.5, L.6 and L.7
are initially empty, and vI(tl, 1Ts) and vO(tl, 1Ts) in
(13) and (14) take almost the same value as vM . As
a result, the high-level scheduler (LP) tries to process
as many works as possible. This yields a discrepancy
between the reference number and the actual number

Table 4 vM · Ts of continuous transition.

Index of t1 t2 t3 t4 t5 t6 t7
continuous
transition

vM (ti) · Ts 18 17 22 25 36 50 22

Index of t8 t9 t10 t11 t12 t13
continuous
transition

vM (ti) · Ts 20 20 20 20 20 20

(a) κ = 1 (b) κ = 2

(c) κ = 3 (d) κ = 4

Fig. 12 Scheduling example by the proposed method.

Table 5 Evaluation of adaptability to machine failure.

Failure condition Final
cycle

Without breakdown 7

With breakdown from 1st 7
to 4th periods

With breakdown from 1st 8
to 5th periods

With breakdown from 1st 9
to 6th periods

With breakdown from 1st 10
to 7th periods

of works processed. In the second cycle (κ = 2), how-
ever, this discrepancy goes down. In this cycle, as for
t3, the actual number of works coincides with its ref-
erence, vopt(t3, 2Ts). In this case study, all production
processes have been completed at the fourth cycle.

4.2 Evaluation of Adaptability to Unexpected Changes
in Production Environment

The adaptability to an unexpected change in the pro-
duction environment is investigated, assuming that a
machine failure occurs in the middle of production. Ta-
ble 5 shows the result in the case where a machine
(number 26) in production line 6 breaks down in the
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Table 6 Comparison with other strategies.

Cycle Processed number Sum of sojourn time
by proposed / A / B for all works

by proposed / A / B

1 3 / 2 / 3 6144 / 5904 / 6145

2 10 / 11 / 10 9056 / 14038 / 9057

3 10 / 11 / 10 9983 / 17574 / 9984

4 10 / 10 / 10 11101 / 17832 / 10981

5 10 / 11 / 10 10388 / 13184 / 9515

6 10 / 8 / 10 8883 / 9826 / 9248

7 7 / 12 / 10 5983 / 11111 / 9622

8 10 / 8 / 10 6086 / 6004 / 9119

9 10 / 12 / 10 4107 / 6393 / 9731

10 10 / 12 / 10 4172 / 3834 / 5222

11 10 / 3 / 7 1001 / 642 / 1405

Total 100 / 100 / 100 76904 / 106342 / 90029

first cycle, and recovers after several more cycles. In
this experiment, 50 cars were supposed to be produced.
In any case, no significant difference in the production
time is found. This implies that the proposed method
can flexibly accommodate unexpected changes in the
manufacturing environment.

4.3 Comparison with Other Strategies

The usefulness of the proposed scheduling system is
compared in the following two strategies:

Strategy A: Centralized MCT,
Strategy B: Constant reference speed and decen-

tralized MCT.
In strategy A, the MCT algorithm is directly ap-

plied in a centralized manner to the TPN model, which
integrates the models in Fig. 3 and Fig. 8. Although
this strategy obviously has some difficulties, especially
in a large-scale system, it does not require a flow model
for the entire system. In strategy B, the constant ref-
erence production speed vM (ti) ·Ts is adopted at every
cycle, instead of using the varying optimal reference
speeds obtained by LP in the proposed strategy. This
strategy implies that the scheduler must try to process
as many works as possible at every cycle regardless of
the distribution of works in the entire system.

Table 6 shows the results for a case in which 100
cars are produced. In Table 6, ‘Processed number’ indi-
cates the number of processed works at production line
2 (final line) at each cycle, and ‘Sum of sojourn time
of all works’ indicates the summation of each work’s
sojourn time. In this numerical experiment, the maxi-
mum flow of transition t13, vM (t13)Ts was reduced by
50% from the value listed in Table 4 so as to get al-
most the same production time by three strategies (an
11th cycle was required to complete production in any
strategy). Machine failure in a subsystem can occur in
operating a large-scale production system, and some-
times it will create a bottle-neck affecting the entire sys-

tem. From this table, the proposed strategy achieves
a shorter sojourn time than the other two strategies.
This implies that, with the proposed strategy, the over-
all system will be less affected by a bottlenecked sub-
system. This is one of the desired characteristics of
large-scale production system scheduling. This clearly
shows the advantage of introducing potential markings
that can take into account the flow through the entire
system.

5. Conclusions

This paper presented a new hierarchical scheduling
method for a large-scale manufacturing system based
on the hybrid Petri-net model, which consists of CPN
and TPN. At a high level, the CPN has been used to
represent continuous flow in the production process of
an entire system, and LP has been applied to find the
optimal flow. Meanwhile, at a low level, TPN has been
used to represent the manufacturing environment of
each sub-production line in a decentralized manner, and
the MCT algorithm has been applied to find a feasible
semi-optimal process sequence for each sub-production
line. The key distinguishing features of our proposed
method can be stated as follows. (1) The CPN model
and the TPN model interact with each other at every
sampling instant through the marking converter and
the reference generator. (2) The macroscopic behavior
of an entire system is scheduled by a high-level sched-
uler so that the total sojourn time is reduced. (3) The
microscopic evolution of each sub-system is scheduled
by a low-level scheduler taking into account the various
physical constraints. By these characteristics, the ap-
plicability to the large-scale system and the adaptabil-
ity to unexpected changes in production environments
are increased. Finally, the usefulness of our method
has been confirmed through numerical experiments. In
future work, the behavior of the AGVs used for the
transfer should be taken into account.
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