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Abstract: In order to model effectively hybrid systems, a new modeling method of extended Petri nets, which is

called extended object-orient hybrid Petri net (EOHPN), is proposed. To deal with the complexity of hybrid

systems, object-oriented abstraction mechanisms such as encapsulation and classifications are merged into

EOHPN models. To combine the continuous part and discrete part of hybrid systems and to reduce the

complexity of hybrid systems, a hybrid Petri net is introduced and extended with object-oriented modeling

technology. Development of object models is suggested on the basis of the defined EOHPN. Finally, an

application-oriented case is presented to illustrate that how the proposed EOHPN is used to model hybrid

systems. The resulting model validates that the EOHPNs can deal with the modeling complexity of hybrid

systems.
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Most practical systems are complex and hybrid in
nature. These systems demonstrate the behavior of a
continuous dynamic system until they encounter certain
abrupt structural or operating condition changes. It is a
challenge to model the complexity of a hybrid system,
but modeling is the foundation for efficient production
planning, control, scheduling, etc. The modeling study
of such hybrid dynamic systems has attracted increas-
ing attention in recent years. Several mathematical for-
mal expressions have been proposed in order to repre-
sent the model of a complex hybrid system. We can
cite hybrid automata, hybrid Petri nets, the Branicky
model, Bond-Graphs with commutation, etc''. For ex-
ample, Kontini et al. presented a modeling method of
linear hybrid automata in order to verify the perform-
ance specification of a hybrid system'”
model both the continuous/discrete dynamics and the
switching between different operating conditions, Gian-

. In order to

carlo et al. proposed a framework of mixed logic dy-
namic systems'”'. In order to model integration time-
driven mechanical features of hybrid systems, Thoms et
al. presented an approach toward comprehensive dis-
crete-continuous modeling and accurate dynamical sim-
ulation of simple manipulation'* . These approaches are
interesting for describing complex hybrid dynamics,
i. e., the interactions between the continuous part and
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the discrete part. However, they do not provide the nee-
ded modularity required to represent complex systems
made up of many simple interacting hybrid systems.
Moreover, these tools have been primarily developed
for theoretical purposes and do not allow concise repre-
sentation of the real physical systems"’.

In order to overcome the weaknesses mentioned
above, an extended object-oriented hybrid Petri net
(EOHPN) is presented to model a complex hybrid sys-
tem provided with modularity and practicability. To
deal with the complexity, the EOHPN models are con-
structed in object-oriented abstraction mechanisms such
as encapsulation, classification and inheritance. These
abstraction mechanisms make the resulting models
more compact, less complex, and consequently more
manageable. To combine a discrete part and a continu-
ous part of hybrid systems, hybrid Petri nets are merged
into the EOHPN models.

1 Definition of EOHPNs

Based on Petri nets, object-oriented Petri nets are
introduced in Ref. [6] for modeling complex systems;
hybrid Petri nets are introduced in Ref. [7] for model-
ing systems that combine a discrete part and a continu-
ous part. EOHPNs are developed to manage the com-
plexity involved in the modeling of hybrid systems.
From the view of object-orientation, a hybrid system is
composed of objects and their interconnection rela-
tions. An EOHPN model is developed according to this
conception, i. e. an EOHPN model consists of three
parts: Py, R, M,. Where P, ={Py,, Pg,, -.., Po, } 1s the
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set of finite object places, in which P, i=1,2, ..., K is
an object place in an EOHPN model corresponding to a
physical object that is described by an encapsulated hy-
brid Petri net; R is the set of communicating relations
between objects that are described by message places
between object subnets; M, is the initial marking of the
EOHPN model.
1.1 Object subnet

An object subnet is defined as a 6-tuple:

Po =(P., T, hyy 1, Fiu M)

where P; = P,, UP, UPy, is the set of finite places, Py,
is a set of finite discrete places, P, is a set of finite
continuous places, a continuous place is represented in
a drawing as two concentric circles, Py, are the sets of
finite extended places in object place P, Py is the
union of Py, and P, that are the sets of finite input
message places and output message places, respective-
ly. T, =Ty, UT is the non empty set of finite transi-
tions, Ty, is a set of finite discrete transitions, T, is a
set of finite continuous transitions, a continuous transi-
tion is represented in a drawing as a hollow bar. Where
P.NT, =, P,UT,#). h;:P,UT—{C,D} indicates
for each node if it is a discrete (D) or a continuous
(C) node. r;: T—I"" associates with each transition a
positive real number d;, where the time delay associat-
ed with a D-transition ¢, is d;. The maximal firing speed
associated with a C-transition ¢, is v, =1/d,. F;: P; x T,
UT; x P,—(0, 1) is the set of flow relations in the ob-
ject. F; = F;; UF,, where F;; and F, are input inci-
dence mapping and output incidence mapping, respec-
tively. F,,: P, x T,— 1T if h(p,) =D; P, x T,—T"" if
Wp,) =C. Fo: P, xT,—TI if h(p,) =D; P, xT,—T"
if h(p,) =C. F;; and F,, must meet the following con-
dition: If p, and ¢, are such that 2(p,) =D and h (1)) =
C, then Fy(p;,t;) = Fo(p;,t;) must be verified, where
Fy(py, t;) and Fq,(py, t;) are input and output flow
from p, to ¢;. This ensures marking of D-places to be
an integer whatever evaluation occurs. M, is the set of
initial markings of all state and message places inside
)

The marking M(t), of object place P, at time ¢
can be deduced from marking M,; at time O using the
following fundamental equation:

M(t)i :Mm +(F0(pat) —FI(PJ)) °
(U(t) +j[v(u)du)

where o (t) represents the number of times that each
D-transition has been fired (discrete interpretation) be-
tween initial time and time ¢. The components associat-
ed with C-transitions are equal to zero. The compo-

nents of v (u) vector represent instantaneous firing
speeds associated with C-transitions. D-transitions are
equal to zero. This equation separates the discrete evo-
Iution from the continuous one. It represents a trajecto-
ry in the marking space. In line with the approach con-
sidered for computing the instantaneous firing speed
vector, many models have been proposed'™ . In this pa-
per, only the constant speed continuous Petri net is
considered'” .
1.2 Interconnection relations of objects

In an EOHPN, the interconnection between the
objects depends on their extended places of objects (in-
put message places and output message places), i.e. , if
PN Py, #(J, then the two object places P, and P,
have communication. The interconnection relations of
objects at the system level may be realized by a set of
gates. Mathematically, the interconnection of objects is
defined as follows:

R={R,,i,j=1,2,...,1,i#j}

where R; specifies the message passing relations be-

ij?

tween the sending object place P, and the receiving
object place P,.
R; ={Ao;, Gy Ay, Ey}
where G;; is the set of finite special transitions called
gates that are located between output message places
Py of Py, and input message places Py of Pg;. The
union of all the gates associated with R is the set of
gates in the system. A, is the set of finite output con-
nection arcs from Pgy; of Py to G;; Ay is the set of fi-
nite input connection arcs from Py, of Py;; E;is the ex-
pression function of connection arcs between P, and
Py
E; =[TIAF(A
where 1AF(A,;,
for an arc which connects gate G, to the input message
place Ay; in P, and OAF(A;, G;) is the output ex-
pression function for an arc which connects the output

G;), OAF(Ay;, Gy) ]
G;) is the input expression function

ij»

message place Ay, in Py, to gate G;.
2 Development of Object Subnet Models

2.1 Description of physical objects

The semiconductor wafer fabrication system
(SWES) is one of the most typical complex hybrid
systems. In order to illustrate how EOHPN models are
developed for a hybrid system, a typical SWFS is con-
sidered in this paper. In general, the typical SWES is
composed of processing machines (e. g., cutting ma-
chines, dressing machines, etc. ), varnishing machines,
heat treatment facilities, material handling systems
(MHSs) , WIP buffers, other auxiliary facilities, etc. To
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establish object subnet models of physical objects in
the typical SWFS, all physical objects are mainly clas-
sified as five main objects:

(D Processing machine object (PMO) represents a
general processing machine (PM), which has an input
stocker and an output stocker. A PM draws wafers for
processing from the input stocker. Before the PM starts
processing, a minimal level of B wafers (a lot) in the
input stocker is required.

(2 Varnishing machine object (VMO) represents
a general varnishing machine (VM), which has an in-
put stocker and an output stocker. A VM starts process-
ing only when all lot (batch) wafers have reached the
input stocker. The VM once processes a lot regardless
of the type of components.

(3 Heat treatment facility object (HTFO) repre-
sents a heat treatment facility (HTF), which has an in-
put stocker and an output stocker. When wafers arrive
in the input stocker, they are grouped in boxes, which
can contain at most Q wafers. In general, when the box
is full, the heat treatment starts. Treatment duration
(time) is the same regardless of the box state. Different
lots cannot be contained in the same box. The last box
is not necessarily full'” .

@ Transporter object ( TO) represents MHSs
equipment (e. g., AGVs, industrial robots) and opera-
tors, which transport wafers among WIP buffers and
machines/facilities.

(5 WIP buffer object (WBO) represents a general
WIP buffer, which accommodates WIP wafers waiting
for processing in the current system.

2.2 Development of object models

A PMO model abstracts the behavior of the ma-
jority of PMs. The PMO subnet is shown in Fig. 1.
Each place and transition has the meaning given in
Tab. 1 and Tab. 2. Input message place p,,, receives
the message, which requests a lot of wafers to be load-
ed into an input stocker for processing. The input
stocker ( place p,,) starts to be continuously fed by
launching a lot which contains B wafers and a lot is
launched every d time units. The token in place p,, is
reserved for firing transition ¢,,. After d time units,
transition ¢, is fired and the PM starts processing. The
number of wafers in the input stocker decreases by the
PM rate which equals V. When the marking of p;(the
output stocker) reaches B, all the lot wafers will have
been processed. The transition #,; is instantaneously
fired. The token is removed from p,, and put into ps,
the PM returns back to the idle state and the output
message place p ., sends the message, which requests

a lot of wafers to be unloaded from the output stocker
to the WIP buffer.

Pll Processing machine object
d 4/ P12

Fig.1 Object subnet model of the PMO

Tab.1 Definition meanings of places in PMO subnet

Place Meanings

Pu Input stocker is available

P2 A lot waits to be loaded into the input stocker
P13 A lot waits to be loaded into the output stocker
Pia When a token is here, the PM is processing
Pis When a token is here, the PM is idle and available
Pimi1 A lot requests to be loaded into the input stocker
Pomii A lot requests to be unloaded to the WIP buffer

Tab.2 Definition meanings of transitions in PMO subnet

Transition Meanings
t A lot is entering the input stocker
1, A lot is being processed at speed V
3 A lot has been processed, the PM is idle
ty A lot is ready to be processed

A VMO model abstracts the behavior of general
vanishing machines. The VMO subnet is shown in
Fig. 2. Each place and transition has the meaning given
in Tab. 3 and Tab. 4.

Vamishing machine object
ln P2

Fig.2 Object subnet model of the VMO

Tab.3 Definition meanings of places in VMO subnet

Place Meanings
Par A lot waits to be loaded into the input stocker
Pn A lot waits to be loaded into the output stocker
P When a token is here, the VM is being used
P When a token is here, the VM is idle and available
Pim21 A lot requests to be loaded into the input stocker
Pomp1 A lot requests to be unloaded to the WIP buffer

Tab.4 Definition meanings of transitions in VMO subnet

Transition Meanings
1y A lot is entering the input stocker
1y A lot is being varnished
ty A lot has been varnished, the VM is idle
thy A lot is ready to be varnished
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An HTFO model abstracts the behavior of heat
treatment facilities. The HTFO subnet is shown in
Fig. 3. Each place and transition has the meaning given
in Tab.5 and Tab. 6.

Heat treatment facility object

Fig.3 Object subnet model of the HTFO

Tab.5 Definition meanings of places in HTFO subnet

Tab.8 Definition meanings of transitions in TO subnet

Transition Meanings
Iy Lots are being loaded into the transporter carrier
2% Lots are being transported
I3 Lots wait to be unloaded
Ty Lots are ready to be transported

A WBO model abstracts the behavior of general
WIP buffers in the system. The WBO object subnet is
shown in Fig. 5. Each place and transition has the
meaning given in Tab.9 and Tab. 10.

Ps1 WIP buffer object

° 52
&»

ts  Ps3

@is

is1

Fig.5 Object subnet model of the WBO

Place Meanings Tab.9 Definition meanings of places in WBO subnet
P31 Count the number of entering wafers Place Meanings
Px Lots wait to be loaded into the mp'ut stoc?(er P Count the lot numbers in WIP buffer
P WhWheE Ql toke]: are hel:’ the :ITF 18 treating Ps2 Lots wait to be loaded/unloaded
tl St t R , the HTF is treati .
P en the fast tokens are here, the qu reaung Ps3 Lots are loaded/unloaded operation
D3s Count the number of treated wafers
. R Pims1 Lots request to be loaded/unloaded
P36 Lots wait to be loaded into the output stocker Send th finish loadine/unloadi
0
Dims1 Lots request to be loaded into the input stocker Pomst end the message to finish loading/ unloading
Ponsi Lots request to be unloaded to the WIP buffer Tab.10 Definition meanings of transitions in WBO subnet

Tab.6 Definition meanings of transitions in HTFO subnet

Transition Meanings
1y Lots are entering the input stocker
t The last lot tokens enter, p;, is marked
33 Boxes are full, lots are being treated
tay The last lot box is being treated
t3s The Q tokens enter, p;; is marked
t The lots have been treated, the HTF is idle

A TO model abstracts the behavior of majority
transportation equipment. The TO object subnet is
shown in Fig. 4. Each place and transition has the
meaning given in Tab.7 and Tab. 8.

Transporter object
l

Fig.4 Object subnet model of the TO

Tab.7 Definition meanings of places in TO subnet

Place Meanings

Pay Transporter’ carrier is available

Py Lots wait to be loaded into the carrier

Pa3 Lots wait to be unloaded from the carrier

yzm When a token is here, the transporter is idle
Dss When a token is here, the transporter is being used
Pima1 Lots request to be loaded into the carrier
Pomal Lots request to be unloaded from the carrier

Place Meanings
15 Lots are waiting to be loaded/unloaded
ts, Lots are being loaded/unloaded
Is3 Lots are loaded/unloaded to/from the WIP buffer

3 Application-Oriented Development of EO-
HPN Models

Construction of an EOHPN model is derived from
the object subnet models. First each encapsulated object
subnet is represented as an object place and the mes-
sage passing gate as an activity transition, then the in-
ternal behavior (i. e., states of the object subnet) of
each physical object can be represented by the associat-
ed tokens. The procedure of constructing an EOHPN
model is summarized as follows:

Step 1 Represent each encapsulated object sub-
net as an object place Py, (i =1,2,...,m).

Step 2 Represent each gate involved in an EO-
HPN model as an activity transition Gj( j=12,...,n).
A gate is connected with its input message places with
an and (or) relation if it can be fired when all (some/
any of) the connected message places have the required
specific tokens. A gate is connected with its output
message places with an and (or) relation if the tokens
will be moved to all (some of) the connected message
places.

Step 3  Represent the [ P, —gate—P,] mes-
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sage passing relations.

Step 4 Check whether the EOHPN reflects the
hybrid system operation concisely and if not, modify
the EOHPN until it models the system.

To illustrate the procedure of constructing an EO-
HPN model, we consider the following example: The
workshop consists of a cutting machine, a dressing
machine, a varnishing machine, a molding machine, a
heat treating facility, a testing machine, three WIP
buffers and two transporters. Wafers travel the work-
shop, which are produced onto components such as
transistors or diodes. The hybrid system is character-
ized by a unique routing of different components: cut-
ting— dressing— varnishing— molding— heat treating
—testing. The WIP buffer 1 is used to keep wafers for
the cutting machine and dressing machine. The WIP
buffer 2 is used to keep wafers for the varnishing ma-

chine and molding machine. The WIP buffer 3 is used
to keep wafers for the heat treating facility and testing
machine. The cutting machine, dressing machine,
molding machine and testing machine are abstracted to
processing machine objects. Each encapsulated object
subnet model and gate in the OHPN model shown in
Fig. 6 corresponding to object places ( P, —cutting
machine, Pgy,—dressing machine, P,,—varnishing
machine, P, —molding machine, P,,—heat treating
facility, P.,—testing machine, P, ,—transporter 1,
P—transporter 2, P,,—WIP buffer 1, P, ,—WIP
buffer 2, P,,,—WIP buffer 3), and activity transition
G,(j= 1,2, ...,5). The“OR” relation exists among the
inputs to gates G,, G,, G,, G5 and among the gates
G,,G,, G;, G,, G;, G,, G5 to outputs. Here, due to
limited space, the detailed procedure of constructing
steps is omitted.

R (WIP buffer

/
Py (WIP buffer 3)

@ Object place Activity transition —s= Arc

— - ne
—h——r )
& ————N Po; (Cutting)
= o]
P m(Vhing) Py Moldmg)l
AN N N
(> O
%/// Pos (Heat treating) P s (Testing) 1 Gy

Fig.6 EOHPN model for a workshop of typical SWESs

4 Conclusion

Extended Petri nets have recently emerged as a
powerful tool for modeling of hybrid systems. To sys-
tematically construct a model of the hybrid system, a
general system modeling method has been proposed
on the basis of the extended object-oriented Petri net.
The proposed model method has been illustrated with
an application-oriented case.

Since deadlock-free and conflict resolving strate-
gies are very important for the hybrid systems, the on-
going works include the methods for detecting dead-
locks and conflicts in an EOHPN model. A multiple-
objective scheduling algorithm and real-time dispatc-
hing policies will also be integrated into an EOHPN
model. Based on this work, the results obtained
through EOHPN modeling can be used in system per-
formance analysis, scheduling, control and simulation.
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