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System Modeling and Real-Time 
Simulator for Highly Model-
Mixed Assembly Systems 
In recent years, the automobile industry is facing more challenge than ever due to 
rapid model change requirements and demand fluctuations. Traditional fixed-type 
production systems are less capable in coping with the rapid change, while flexible 
production systems can better meet the requirement of low-volume production with 
model variations. Flexible machines integrated with model-mixed assembly lines form 
flexible assembly systems (FASs). In this paper, Colored Timed Petri Net (CTPN) 
is used to model a highly model-mixed automobile assembly system. Based on this 
CTPN model, a real-time simulator was developed along with different dispatching 
rules. Besides, the algorithm of balanced budget work standard (BWS) for a small 
batch production is developed for adjusting the loading balance of the operators in 
the highly model-mixed assembly lines. The simulator can be used as an effective 
tool for developing scheduling strategies. 

Introduction 
As the global marketplace gets more competitive, product 

life cycle becomes shorter and product variety wider. An effi­
cient FAS which can cope with the market requirements is 
highly desirable [14]. Various modeling tools are often used to 
analyze the performance of the production system. In order to 
achieve high productivity and quality, several modeling ap­
proaches have been used to analyze the efficiency of manufac­
turing systems, e.g. queuing theory, finite-state machines, per­
turbation analysis, and Petri Net (PN). Among these, PN is a 
powerful tool for modeling a complex system with concurrent 
and asynchronous properties [2, 13]. In this study, the Colored 
Timed Petri Net (CTPN) [9, 10] provides the additional color 
and time properties for the original PN, and they can describe 
the attributes of resource and time properties. Therefore, the 
CTPN is suitable for modeling the complex behaviors in an 
FAS. Besides, the modular design and object-oriented approach 
make the system modeling much more easy and clear. Although 
the probabilistic issue in the system modeling can be dealt 
with stochastic Petri net (SPN), Molloy [12] addressed that the 
moderate number of places in SPN can easily be handled is 
approximate 50. The number of places in the proposed system 
is more than 50. Therefore, the SPN is not used in this study. 
Rather, some probabilistic modules are employed and interacted 
with the CTPN components. For example, the initial inspection 
result in the paint shop is generated in terms of the first run 
rate (the ratio of acceptant quality in the first time inspection 
in one shift) and a sequence of random numbers. 

In this approach, the activities in the FAS are imbedded in 
multi-level structures [4, 11]. More specially, they include ma­
chining, sub-assembly, main assembly, plant process and pro­
duction levels. Macro transitions and communication places are 
used to construct a hierarchical CTPN model. The macro de­
scribes a series of process actions, such as operations in a main 
assembly line or in a plant process. Independent modules are 
constructed first, then are grouped into a CTPN module library. 
The communication signal integrates vertically from the ma­
chine level to the production level and horizontally among 
macro transitions on the same (machine, main assembly, sub­
assembly line or plant) level. Using this approach, a graphical 
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simulator [5] has been developed to simulate the FAS. This 
approach makes the modeling of the FAS much more easily 
and clearly. Furthermore, it makes the model extension, mainte­
nance and debugging more convenient. 

A high performance FAS depends very much on efficient job 
dispatching rules in reducing inventory and rendering a just-in-
time (JIT) production. In this paper, several dispatching rules 
are developed by taking into account the balanced budget work 
standard. Finally, the proposed CTPN model can be simulated 
along the G2 expert system [3] . 

A Highly Model-Mixed Assembly Line 

In this study, an FAS typically consists of a number of sub­
assembly systems such as process actions, material handling 
devices, material storage and control units, inspection and gaug­
ing stations. These machines, equipments and assembly lines 
are often connected through an automated material delivery 
system. Production control messages including product infor­
mation, assembly and control commands are routed via a com­
munication system consisting of a computer, a control unit and 
a local area network (LAN). 

A model-mixed assembly line [8] can assemble multiple 
types of product on the same assembly line to accommodate 
rapid product and demand changes. Key elements of the model-
mixed assembly line are flexible fixtures, flexible tooling and 
skilled human operators. In addition, the timely delivery of 
material is crucial in keeping the line running at the desired 
speed. 

A modular FAS has the following properties [11]: 

1. Flexibility. 
2. Production efficiency with low cost. 
3. Meeting customers' need and delivering the products in 

a timely fashion. 
4. Ability to quickly adapt to production condition changes. 
5. Modular system design is easy to extend, correct and 

maintain. 
6. Low work in process (WIP) and low inventory. 
7. Ability to cope with rapid market and demand changes. 
8. Low floor space requirement. 

The following factors should also be considered: 

1. Training. 
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Fig. 1 Hierarchical structure of the FAS 

2. A real-time dispatcher. 
3. Highly stable and reliable equipments. 

To examine its structure and functionality, the FAS hierarchy 
can be decomposed into five levels, as shown in Fig. 1. 

1. Production level: This is the highest level in the proposed 
FAS. It handles the system operations including master produc­
tion schedule (MPS), system resource management, database, 
maintenance schedule and system performance measurement. 
The production level controller can coordinate the activities in 
the plants of this system. One example system of this level is 
the vehicle information system (VIS) in this case. 

2. Plant process level: There are many main assembly lines 
in each plant. For example, engine assembly line (EAL) and 
engine dressing up (EDU) line are two main lines in the engine 
plant (EP). Several sub-assembly lines provide the material 
fitting to a specific main assembly line. For example, the header 
assembly line provides the assembled header to the EAL, and 
is not a main line in the EP. Therefore, the header assembly 
line is directly controlled by the EAL rather than the EP. Plant 
process level controller is the control center of a plant, and it 
coordinates and controls all main assembly lines in the plant. 

3. Main assembly line level: It is the level of the main 
assembly lines below the plant process level. Main assembly 
line controller coordinates and controls all sub-assembly lines 
that provide the materials to this main assembly line. 

4. Sub-assembly line level: It is the level of the sub-assem­
bly lines under the main assembly line level. Since there are a 
lot of machines and equipments in a sub-assembly line, these 
machines and equipments can be grouped into several modules. 

5. Machine level: It consists of machining, inspection and 
material handling equipments. 

In this study, we focus on a particular automobile FAS. The 
material flow of this system is shown in Fig. 2. The system is 
composed of four plants, and they are body plant, paint shop, 
passenger plant and engine plant. The body plant, paint shop 
and engine plant handle the vehicle bodies, and the engine plant 
assembles the engines. The EDU line and PBS denote the engine 
dress-up line and the painted body storage area, respectively. 
The engine assembly line (EAL) starts from the Block-In sta­
tion and ends at Engine Buy-Off station right before the EDU 
line. When the PBS station releases a vehicle body, it also 

broadcasts the message to the engine plant. The vehicle body 
and the engine deck together in the decking station of the pas­
senger plant. Finally, the assembled vehicles are inspected in 
the car assembly inspection (CAI) station. 

Colored Timed Petri Net (CTPN) 
The CTPN extends the framework of the original PN by 

adding color and time attributes to the net. The color attribute 
[4, 5, 6, 7] is developed to tackle large systems that have many 
similar or redundant logical structures. The time attribute [4, 
5, 7] allows various time-based performance measures to be 
conducted in the system model. A time-delay can be assigned 
to either places or transitions to model the time elements in a 
system. 

In a PN, when a token in an immediate place is enabled, the 
condition of the output transition determines the fate of the 
token. If the output transition is an immediate transition, then 
the enabled token fires and escapes from the input place. In 
the meantime, the transition releases this token to the output 
place(s). On the other hand, if the output transition is a timed 
transition, then the token will not be fired until a prescribed 
time delay is reached. Tokens in a timed place are processed 
in a similar way. 

Notice that the number of arcs between the input place(s) 
and the output transition(s) is also important to the token. Three 
types of arcs are used; namely, directed, inhibitor and interrupt 
arcs. The directed arc connects between a place and a transition, 
or vice versa. It has no preconditions associated with it. The 
inhibitor and interrupt arcs are defined as follows. The place 
connected with the inhibitor arc is called the inhibitor place. 
When the inhibitor place contains the same color token as the 
output transition, then the output transition is inhibited to fire. 
Similarly, the place connected with the interrupt arc is called 
the interrupt place. When the interrupt place contains the same 
color token as the output transition, then the firing in the output 
transition is interrupted and further inhibited. For the immediate 
transition case, the interrupt and the inhibitor arcs behave the 
same. For the timed transition case, if the timed transition is 
firing and the interrupt place has the same color, then it inter­
rupts the firing of this transition and returns the color token to 
the input place(s) [5, 7, 16, 17]. 

Macro Transition and Communication Place 
Modular design is essential for a compact FAS model. In 

addition to the five levels mentioned above, each level is broken 
down into several sub-systems in the similar fashion. For exam­
ple, the plant level under study consists of a body shop (BS), 
a paint shop (PS), an engine plant (EP), a passenger vehicle 
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assembly plant (PAP) and a commercial vehicle assembly plant 
(CAP). To facilitate a modular design, individual FAS modules 
are developed first for each of the five levels. Then, the modules 
from different levels are integrated together to form the com­
plete FAS model. 

In our approach, macro transitions are often used to formalize 
a modular design [4, 5, 7, 15, 16, 17]. A macro transition is 
the combination of a series of transitions, places and arcs. A 
macro transition may consist of several sub-macro transitions 
(it is, in essence, a macro transition but in different levels). 
A system can be composed of many macro transitions. The 
interconnection between different levels is achieved by commu­
nication places. Based on macro transitions and communication 
places, a hierarchical and modular model of the FAS can be 
constructed. 

The communication and interface between the macro transi­
tions are through four types of communication places; i.e. pitch-
up, pitch-down, catch-up and catch-down places. The pitch-
down and catch-down places are applied to the higher level 
modules, and the pitch-up and catch-up places are for the lower 
level modules. The higher level modules use the pitch-down 
place to send (or pitch) tokens to the lower level modules, and 
use the catch-down place to receive (or catch) tokens from the 
lower level modules. Similarly, the lower level modules use the 
pitch-up place to send tokens to the higher level modules, and 
use the catch-up place to catch tokens from the higher level 
modules [5 ,7 , 16, 17]. 

In the framework of the hierarchical design, we can model 
an FAS modularly. The primary consideration here is to make 
the model easy to extend, maintain and debug in the future. 

A hierarchical CTPN is an ten-tuple, CTPN = (P„ T„ P0, 
T0, Pc, Tm, A, B, F, C), where P, is a set of timed places; T, 
is a set of timed transitions; P0 is a set of immediate places; TQ 

is a set of immediate places; Pc is a set of communication 
places; Tm is a set of macro transitions; A is a set of directed 
arcs; B is a set of inhibitor arcs; F is a set of interrupt arcs; C 
is the color set of transitions and places. 

These elements are further elaborated as follows: 

1. Place: P = {pi , p2, p3 , ..., pn\ is a finite set of 
places, n a 1, including immediate places, timed places and 
communication places. Notice that the immediate places can 
describe the conditions or properties (without time factor) of 
resources; the timed places can describe the time properties of 
resources; the communication places can describe the communi­
cation packages in the hierarchical CTPN. 

2. Transition: T = {t\, t2, t3, . . ., tm} is a finite set of 
transitions, m a 1, including immediate transitions, timed tran­
sitions and macro transitions. Notice that the immediate transi­
tions can describe the behaviors or events (without time factor) 
of resources; the timed transitions can describe the time proper­
ties of resources. 

3. Color: C(p) and C(t) represent the color sets of places 
in P and transitions in 7"; 

C(Pi)= {aiuai2,. . . ,fl,„i], Ui=\C(pi)\; i ' = l , 2 , . . . , n 

C(tj)= {bn,bJ2,...,bjvj}, Vj=\C(tj)\; j=l,2,...,m 

where n and m are non-negative integer; a and b are colors of 
places and transitions, and | • | denotes the cardinality. 

4. Input, output, inhibitor and interrupt functions: 

I{p, t)(a, b) : C(p) X C(t) -» N, is an input function. It 
describes the mapping relation from the transition t with color 
b to the place p with color a, where TV is an non-negative 
integer. Similarly, 

0(p, t){a, b): C(p) X C(t) ~> N, is an output function. 

Inh(p, t){a, b) : C(p) X C(t) -* N, is an inhibitor function. 

Int(p, t)(a, b) : C(p) X C(t) -> N, is an interrupt function. 

5. Marking: p,(p) : C(p) -* N\ Vp e P, has n elements. 
H(Pi) is an (n X 1) vector defined as: 

p,(Pi) = 2Eli nihaih, where nih is the number of colors aih at this 
instant; w, is the total number of colors in place p , . p(p, )(aIft) 
denotes the number of colors aih in place p ; . p0 is the initial 
marking. 

6. Conditions of enabling and firing: The transition f, is 
enabled with respect to the color bjk if 

M(Pi)(«.*) a J(P;» tjXau,, bJk), Vpf € P, aih £ C{pt) 

KPk)(akg) = 0, VInh(pk,tj)(akg,bjk), Vp* G P,aksG C(pk) 

p(pi)(alf) = 0, \/Int(pi,tj)(a,f,bj), Vp, <E P,a,f<E C(p,) 

After the transition tj is fired, two outcomes could appear. For 
an immediate transition the new marking p' becomes: 

M'(P;)(a,7.) = p.(Pi){aih) + 0(Pi, tj)(aih, bjk) 

- / (p , , tj)(aih, bJk) 

For a timed transition, the temporary marking p! is: 

P'(Pi)(«;;,) = H-(,Pi){aih) - I{pt, tj)(aih, bjk) 

The transition waits for the firing time, then releases the to-
ken(s) to the corresponding place(s). Then the new marking 
fi" becomes: 

V"(Pi)(au,) = p'(Pi)(au,) + 0(pi, tj)(aih, bjk) 

7. Time function: It is simply the time attribute in the places 
and transitions. For the transition,/(f(fo/t)) : T-* N, is the time 
required by the timed transition t associated with the color bjk 

to complete the firing. For the place,/(p(a,v,)) : P -> TV, is the 
time delay required in the timed place p associated with the 
color aih to release. 

8. Reachability set: It consists of all reachable markings 
from the initial marking. 

9. Liveness, deadlock: For any reachable marking, if there 
exists a transition in this CTPN which is enabled, then the 
CTPN is live; otherwise, this CTPN is in a deadlock. 

The icon definition of CTPN is shown in Fig. 3. 
Object-oriented approach can describe the system as a collec­

tion of objects, and these objects can interact with one another 
by using both data structure and behavior. In the object-oriented 
CTPN model, the operations among all CTPN objects can be 
easily created, such as message passing among the CTPN ob­
jects, the method of each CTPN object, the data abstraction of 
each CTPN object, and so on. The inheritance of the object-
oriented description eases the construction of the CTPN classes. 
In addition, the efforts of application development will be enor­
mously reduced by using the developed CTPN classes libraries. 
In the proposed object-oriented model, the components of 
CTPN are designed as objects. Different classes, such as places, 
transitions and arcs, can be created as objects with attributes. 
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For example, a timed place may have the following attributes: 
a boundedness (the maximum tokens in this place) attribute, a 
time attribute, a job attribute, a batch attribute, a buffer attribute 
and a machine attribute. In constructing a CTPN, we can use 
these classes and define the input and output functions with 
respect to these classes. This will create a design that is easy 
to extend, maintain and debug. This approach is implemented 
on an object-oriented real-time expert system, G2 [3] . The G2 
environment provides an inference engine to reason about the 
objects in the knowledge base. The object hierarchy of this 
CTPN is shown in Fig. 4. 

Modeling an Automobile FAS by Using CTPN 
In this study, CTPN is used to model the FAS. The relation­

ships of the physical assembly system and CTPN elements must 
be linked in terms of their properties. The events of the system 
are often modeled in terms of immediate transition, such as the 
event of decking competence of the vehicle body and engine. 
The process actions with time elapse are often modeled by the 
timed transitions, such as the hot-testing of an assembled en­
gine. The resources are often modeled by the places, such as 
the engine buffers in the EP. The hierarchical modules of the 
FAS can all be modeled by the macro transitions. 

The following notions are used in the modeling of an automo­
bile FAS: 

1. Immediate place describes the resources of the FAS, such 
as material, machine, message, control command and buffer. 

2. Timed place is used to model a place that is associated 
with a time-delay, e.g. a conveyor belt on which components 
stay for a certain time. 

3. Communication place describes a place which provides 
communication between macro transitions, such as that between 
a plant layer and a main assembly line layer. 

4. Immediate transition can model the event occurred in the 
FAS, e.g. an operator completes one job. On the other hand, it 
can also model a decision making, such as selecting the next 
product type for an assembly line under a specific dispatching 
rule. 

5. A timed transition can describe a process that needs time 
to complete. 

6. Macro transition models the aggregation of many pro­
cesses such as, the plants, main assembly lines or sub-assembly 
lines. 

The following procedure is used in the construction of the 
model: 

1. Analyze the FAS, use the hierarchical construction, and 
define the plants, main assembly lines, sub-assembly lines and 
machines in each level. 

2. Define the system requirements, resources, decision mak­
ing and events, then describe them using appropriate places and 
transitions. 

3. Use macro transitions to model the plants, main assembly 
lines and sub-assembly lines. Modify them in different levels 
if necessary. 

4. Define the processes of each level in terms of material 
flow or machines. 

5. Draw flow charts of the processes in Step 4. 
6. Define the interface and communication between differ­

ent levels and macro transitions. 
7. Use CTPN to model the flow charts in Step 5. 
8. Use the net properties, such as boundedness, safeness, 

conservation, liveness, reachability, coverability, conflict, dead­
lock and firing sequences, to check the validity of the model. 

Development of a Balanced Budget Work Standard 
for a Small Batch Production 

The CTPN models in the proposed FAS can describe the 
activities and behaviors in the FAS. Being flexible and dexter­
ous, human operators are key elements in a highly model-mixed 
assembly line. The performance of such a system ties closely 
with the operator's performance. Overloaded operators can have 
adverse effect on product quality. On the other hand, un­
derloaded operators directly affect the throughput of the system. 
In a model-mixed assembly line, different product types often 
have different budget work standard (BWS, it is the standard 
time measurement for an operator to assemble one product com­
pletely). It is crucial to select a proper sequence of model mixes 
so that budget work standard can be "balanced" as close as 
possible. For example, the assembly time of a series of processes 
for an operator is 2.795, 1.487, 1.487 and 2.795 hrs. (hours), 
respectively. Then a job command sequence of 2.795, 1.487, 
2.795 and 1.487 hrs. will be better, or more "balanced" than 
the command sequence of 1.487, 1.487, 2.795 and 2.795 hrs 
for the operator since the operator may not be very busy in 
some interval of time or not very relaxed in some interval of 
time, and the loading for the operator may be "balanced". 

At present, job dispatching is performed manually by a hu­
man scheduler in order to balance the budget work standards. 
The process is subjective, unstable, and depends heavily on 
personal experience and attitude. Thus, there is a strong need 
to develop a systematic method and a computer program that 
can generate a balanced budget work standard for a small batch 
production. The algorithm of a balanced budget work standard 
serves to finely tune the dispatching results from the simulation. 
The fine adjustment can balance the loading of operators, and 
do no harm to the simulation results. 

The following parameters are defined to facilitate the devel­
opment of a balanced budget work standard for a small batch: 

1. Weighed mean budget work standard: 
k 

2 W,BWS, 
BWS = — 

where n is the total number of products in the daily schedule; 
k is the total number of product types in the daily schedule; 
BWSi is the budget work standard of product type i; W, is the 
number of products for product type i in the daily schedule. 

2. Let M be the number of products in a small batch. The 
manager selects M out of S products from the sample space. 
The operator can reset the loading after assembling M products. 
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Namely, the operator can reset the overloading value to zero 
after assembling M products. 

3. Let S be the number of products in the sample space S 
> M. The goal of dispatching is to select M out of S products 
to form a small batch and satisfy the balanced budget work 
standard. 

A direct search algorithm for selecting M products to achieve 
a balanced budget work standard is developed as follows: 

1. Select M products arbitrarily from S products. The num­
ber of possible selection combinations will be CS

M. 
2. Sum up the process time for each combination, i.e. 

SUM(j), where j is from 1 to Cf,. 
3. Calculate the derivation of these process time from the 

mean budget work standard for each combination, Error(j), 
defined as: 

Error(j) = abs(SUM(j) - BWS X M) 

where abs{ •) denotes the absolute value. 
4. If Error (j) equals to zero, this combination,^ meets the 

balanced budget work standard. 
5. If Error(j) is not equal to zero for all combinations, 

choose the minimum one as Error (j). This value will be re­
corded and added to the next batch computation to compensate 
the previous loading. 

6. To improve the convergence and reduce the computation 
time, we can define an acceptable derivation range. If Error(j) 
falls within this range, we consider this combination meets the 
balanced budget work standard requirement. If none of the com­
binations meets the specified range, we can relax this range 
until one of Error(j) satisfies the range. Again, we may record 
this value and add it to the next batch computation to compen­
sate the previous loading. 

7. Once an acceptable combination is found, the same prod­
uct type should not be used subsequently. In addition, the first 
product's type in this combination shall not agree with the last 
product's type in the previous combination. 

8. The values of M, S, acceptable derivation range and the 
range relaxation are determined by taking into account both 
the product's assembly budget work standard and the desirable 
system performance. 

Dispatching Rules for the Assembly of a New Engine 
In the FAS under study, the vehicle body and engine are built 

in different plants. These two components are brought together 
to be assembled on the vehicle assembly line at a specified 
time. Sometimes, an engine assembly takes longer time than the 
vehicle trimming line takes. Consequently, the corresponding 
vehicle body arrives at the Body Decking station without an 
engine to be assembled with. Instead of stopping the line and 
waiting for the missing engine, the vehicle body and corre­
sponding engine will be assembled at a later time off-line. Such 
off-line assembly is very costly. It is thus necessary to develop 
efficient dispatching rules to ensure that the components will 
meet at the right assembly station at the desired time and be 
assembled together on-line. 

To develop these dispatching rules, we first need to measure 
the processing time for different assembly stations. Based on 
these results, we select several strategic points on the shop floor 
to send out control messages. Those points are shown in Fig. 
2 (big bullet points). The messages to be sent out are stacked 
in a message queue. Based on proper dispatching rules and the 
balanced budget work standard, dispatching messages are sent 
to the engine assembly line to start the assembly of a new 
engine. 

Four dispatching rules are developed as follows: 

1. Dispatch of new engine blocks follows the PBS signal: 
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Fig. 5 Flow chart of the simulation program 

The dispatching message queue is formed after receiving the 
PBS signal. This rule depends on whether the quality in the 
paint shop is stable and acceptable. If the quality is stable and 
acceptable in the paint shop, then engine will be assembled in 
time for the corresponding painted body. 

2. Dispatch follows Surface Paint Information System 
(SIS): 

This rule is independent of the original PBS signal. The dis­
patching messages are formed and sent out according to the 
surface paint inspection results. The surface paint quality is 
divided into five levels. Different levels will be handled by 
different processes. The message contains the following attri­
butes: quality level, body number and body code. These attri­
butes are used to sent dispatching priorities, and to stack them 
in the message queue. 

3. Kanban Dispatch: 

Kanban is a card used in the just-in-time (JIT) production sys­
tem [1]. In this approach, the message queue is the engine types 
required by the EDU line. The required engines will be retrieved 
from the engine buffer at the end of engine assembly line. Each 
time an engine is retrieved by the EDU line, a kanban will be 
issued upstreamwise to trigger the dispatch of a new engine 
block. 

4. A hybrid Approach—Switching between SIS and PBS 
signal:' 

In this approach, we count the number of painted bodied in the 
tunnel to be the index of switching. The index can switch the 
production mode between the signal from the PBS and the 
signal from the surface paint inspection station. 

No matter which dispatching rule is used, the command for 
EAL to assemble a new engine will only be issued once for 
each engine to avoid duplicated orders. 

Application Examples 
The proposed CTPN modeling technique and dispatching 

rules are applied to an automobile factory. The flow chart of 
the simulation program is shown in Fig. 5. Each module of this 
simulation program is described as follows: 

1. Man Machine Interface (MMI) module: This is a user 
interface to input the budget work standard, daily schedule, 
dispatching rule, first run rate, . . . , etc. 
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2. Batch module: This module simulates the body shop 
batch production from the daily schedule. It also simulates the 
vehicle information system (VIS). 

3. Surface Paint Inspection module: It simulates the sur­
face paint inspection under a specified first run rate set at the 
MMI. The results are five levels of quality grades assigned to 
the body numbers. 

4. Dispatching Rules module: Four dispatching rules to 
operate this FAS, and the dispatching command is issued by 
taking the balanced budget work standard into account. 

5. Paint Shop Assembly after Surface Paint Inspection mod­
ule: The portion of paint shop after inspecting the surface 
paint of the body is modeled as a macro transition. Notice 
that there are a series of places and transitions in this macro 
transition. 

6. PBS module: This module simulates the automatic 
storage of painted vehicle bodies from the paint shop. It also 
simulates the retrieval/dispatch of vehicle bodies from the body 
buffer based on the balanced budget work standard. Notice that 
the body buffer is a temporary storage of the painted vehicle 
bodies in the paint shop. 

7. Tunnel module: It simulates the activities of painted 
vehicle bodies inside the tunnel, and we can predict when a 
body will exit from the tunnel. 

8. EAL Assembly module: The activity of the engine as­
sembly line is modeled as a macro transition. There are a series 
of places and transitions in this macro transition. 

9. Engine Buffer Management module: This module sim­
ulates the storage of engines, which have passed hot test, in the 
engine buffer. It also simulates the retrieval of engines from 
the engine buffer according to the request of EDU line. 

10. EDU Line Assembly module: The activity of the EDU 
line is modeled as a macro transition. The command for EDU 
line to start dressing up an engine is from the Passenger Assem­
bly Plant (PAP). Again, there are a series of places and transi­
tions in this macro transition. 

11. Assembly Module before PAP Decking: The activity 
of the passenger vehicle assembly line is modeled as a macro 
transition. This module also sends out the command to the EDU 
line describing the engine type which needs to be assembled 
(refer to the EDU Line Assembly module). 

S m 
— Mtn.TO 

. MHTJ1 

PAwnJ^o nuNr_Tig . . „ , , „ l i 

Fig. 7 CTPN for paint shop plant level 

^ ^ ^ ^ H «.«n,» f Hi<" ) 

Q 
. PAINT_T7_TO 

^PAlNT_Tir_Pl 

n 
PAINT T7 Tl PAINT T7 12 PAINT.T7 T3 , PAINT T7 T4 PAINT T7 T6 PAINT_T7 T6 

••'3C' • •rea- • M 'SO- M H w tm H -6H- M f H B -WK-

• c •c •c- •c •c •c-
'RS300a07C' 'FB600007O' 'R2S0OOO4Q' 

JIT 
•R»00003H' *Raeoooo4K 'R2WD0002IC 

1 w^y* • 
PAINT 17 pa 

eg 

Fig. 8 CTPN module for the sub-assembly line level 

Q f Hid* ] 

FOflD.PS ]FOBD,P3 FO«D_P4 

PORD_T» 

6 
FOR0.P6 

E.P. 

FOflD_P« 

FOflD_T4 

^ K F O n D J T 

| ^ ^ — P. A. P. -1 

^ | T O « ) _ T S 

yFORD.PP _jf*FOHD_P10 

^ ^ f O R D . P I I 

Fig. 6 CTPN module for the production level 

Journal of Manufacturing Science and Engineering 

f Hide 1 

PAP_P2 . PAP_T2 __]PAP_P3 • PAP_T3 

T u m e l Trim Line 

_ . PAP_P3 • F 

Uncomplele 
Decking 

Complete 
Decking 

PAPJ>6 ? t p n \ ^ ^ ^ P A P - f I PAP-T5 

toca I (••)* f 
•SG- \ - ^ I 
"R250OO1G-

Fig. 9 The CTPN module for the PAP plant level 

12. Tow Motor Trolley module: It simulates the shipping 
of engines between the PAP and engine plant by a trolley tow 
car. 

13. Decking Assembly module: In this module, we will 
check whether the components are available to be assembled 
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C=3 

Fig. 10 The CTPN module for the EDU line main-assembly level 

on the vehicle assembly line. This part is modeled as part of 
PAP plant net. 

The CTPN modules (or sub-nets) for different plants and 
assembly lines are shown in Fig. 6 to Fig. 10. Once the CTPN 
model is constructed, we can use these sub-nets to develop the 
software for simulation. In this study, we use a real-time object-
oriented expert system G2 to simulate the FAS. The simulation 
flow chart is shown in Fig. 11. Results of the balanced budget 
work standard under the conditions of S = 10 and N = 5, are 
shown in Table 1. Note that 8Z, AZ, 5G, . . . , etc. are the 
product's types, and "room" is the located position of the 
product in the automatic storage unit. Finally, we use Fig. 12 
and Fig. 13 to compare the performance between the dispatching 
without and with balanced budget work standard. Clearly, the 
performance with balanced budget work standard is much better 
than that without balanced budget work standard. 

Conclusions 
An object-oriented modeling technique was used to develop 

a hierarchical and modular CTPN for a highly model-mixed 
automobile plant. Each object in the CTPN module has a num-
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Table 1 Results for the balanced budget work standard at the PBS 
station 

sim-time body-no room body-code 

247 "R2500003G" 17 "5G" 
251 "R2800002Z" 20 "8Z" 
267 "R2500004G" 18 "5G" 
271 "R2600003H" 19 "6H" 
275 "R2A00002Z" 23 "AZ" 
287 "R2700010U" 21 "7U" 
291 "R2500005G" 25 "5G" 
295 "R2300003Z" 26 "3Z" 
299 "R2700011U" 22 "7U" 
303 "R2500003Z" 28 "5Z" 
307 "R2600004H" 29 "6H" 
315 "R2500006G" 31 "5G" 
319 "R2800003Z" 33 "8Z" 
323 "R2600005H" 35 "6H" 
327 "R2700012U" 24 "7U" 

An example of not using balanced BWS with absolute error mean 
0-113 

21 31 41 51 
No. of dispatching (for S=10, M=5) 

Fig. 12 The error of the budget work standard without using balanced 
BWS at the stand of PBS 
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Fig. 13 
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11 21 31 41 51 61 71 
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Fig. 11 Simulation flow chart for the firing of CTPN modules 

ber of attributes. A complex system can be constructed in this 
manner using several levels and modules within each level. The 
material and information flows in the FAS were modeled by 
the communication places. Based on this model, the shop floor 
controller and real-time simulator were constructed. Further­
more, dispatching rules were developed to balance the budget 
work standard for a small batch production. These rules ensure 

288 / Vol. 121, MAY 1999 Transactions of the ASME 

Downloaded 30 Oct 2008 to 140.112.113.225. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



that the components of a vehicle will be available for assembly 
at different stations. 

The CTPN models, especially the algorithm of the balanced 
B WS for a small batch production and dispatching rules, of the 
proposed system have been justified and validated by the Ford 
Lio-Ho motor company. Based on this research, the bottleneck 
occurred in the engine plant can be eliminated, the loading of 
operators can be balanced, and hence the quality of products 
can be stabilized. Besides, this CTPN models and simulation 
environment can be used to validate the new developing meth­
odologies before they are actually implemented. The balanced 
BWS for a small batch production algorithm and the dispatching 
rules are integrated into the PC-based engine dispatching system 
(EDS). This system is installed in the engine plant of Ford Lio-
Ho, and it carries out the engine dispatching order to the EAL. 
Currently, the EDS works with the original PBS dispatching 
system in parallel to operate the EAL smoothly. The dispatching 
results can satisfy the requirements of the engine plant. 

In the future, the material management, shop floor monitoring 
and control, and virtual manufacture can all be developed in 
terms of the CTPN models and the EDS. 
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