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Abstract

Semiconductor fabs are capital intensive. The
rate of capital return heavily depends on their pro-
ductivity. Accordingly, smulation has been adopted
in many cases as a viable design and analysis tool to
achieve better productivity. However, the gap be-
tween the smplistic simulation models and real com-
plex systems has limited the confidence to apply
simulation results directly to real systems. Idedly,
the simulator should support the rapid modeling and
fast execution of high-fidelity fab models in order to
be able to provide more realistic smulation results.
In this paper, we present our current research effort to
develop a high-fidelity web-based simulator for the
300mm wafer fabs. We take a model-view-control
approach that allows us to develop modular and reus-
able fab simulation objects. The proposed approach is
implemented as a distributed system that uses a mes-
sage-based event synchronization mechanism to co-
ordinate the ssimulation objects as well as to support
distributed simulation execution. The presented
simulator also provides a high quality VRML anima-
tion for visualization of rea time paced simulation
execution.
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1 Introduction

Today's semiconductor industry is facing a big
challenge in wafer fabrications that is characterized
by a transition of wafer size from 200mm to 300mm
[2]. This change not only requires that manufacturing
equipment such as process tools, material transport-
ers, and stockers be customized to the new wafer
size, but also that the whole material handling be
fully automated mainly due to the higher sensitivity
to wafer contamination and increased wafer weights.
300mm wafer fabs have specific characteristics that
differentiate them from traditional manufacturing
systems [13]: The basic material-handling unit is

called FOUP (Front Opening Unified Pod), carrying
25 wafers [3]. A typical FOUP requires to visit hun-
dreds of process tools for its successful completion,
and the flow of FOUPs is re-entrant [9]. Furthermore,
the existence of various engineering lots together
with production lots make the material flow of wafer
fabs further complicated.

In addition, wafer fab is a very large-scale manu-
facturing system consisting of 20 to 30 bays inter-
connected by an inter-bay materia handling system
(MHS). Each bay has tens of process tools, inter-
connected by intrabay MHS [2, 10]. As a conse-
guence, semiconductor manufacturing is very capital
intensive. In fact, the cost for building a complete
new wafer fab is estimated to be over $2 billion [1],
and work-in-processes (WIPs) in fabs are extremely
expensive compared to those in other manufacturing
lines. This implies that even small amount of im-
provement in productivity can result in the large
amount of savings. As a result, there is a growing
need for the development of a computational tool that
can support the effective and efficient design and
operation of 300mm fabs, in order to minimize risks
associated with the transition to 300mm while maxi-
mizing the benefits from it.

This paper presents our current research effort to
meet such a need. Our prototype fab simulator, to be
called HiFiVE-300 (High-Fidelity Virtual Environ-
ment for 300mm Wafer Fabrication), is a web-based,
distributed simulator that supports high-fidelity
simulation of the complex, large-scale 300mm fabs.
Unlike existing fab simulators, HiFiVE-300 aims to
provide the high-fidelity modeling capability for
operational aspects, including (i) equipment-level
behavioral aspects such as batching, setups, reworks,
processing errors, preventive maintenances, and tool
failures, and (ii) system-level aspects such as effects
resulting from the behavior of MHS and supporting
staff, and the complex resource allocation dynamics
due to the routing flexibility and multiple resource
sharing. Furthermore, configured as a distributed
simulator, HiFIVE-300 is able to support rapid
prototyping and high-speed simulation of large-scale
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high-fidelity fab models. Therefore, owing to its
scalability, it is expected that HiFiVE-300 will pro-
vide more realistic simulation results within reason-
able amount of time for better decision support.

This paper is organized as follows: Section 2 de-
scribes the approaches taken to systematically deal
with the scalable and distributed fab simulator devel-
opment problem. The detailed architecture and proto-
cols of HiFiVE-300 are presented in Section 3. Fi-
nally, some discussions for the future extensions are
givenin Section 4.

2 Our Approaches

In order to systematically deal with the com-
plexity arising from the large-scale 300mm fab con-
figurations, we use a hierarchical decomposition ap-
proach. This decomposition is suggested naturally by
the wafer fab layout itself [13]. Figure 1 shows the
proposed approach in which afab is decomposed into
a set of participating units corresponding to the mate-
rial flows taking place at the bay and fab-level, as
well as in the MHSs inter-connecting the various
units. We remark that each bay can then be further
decomposed into a set of units, such as process tools
and material handling devices inside the tools.
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Figure 1. The hierarchical decomposition of wafer
fab

Consequently, the approach transforms the com-
plex software design problem into the ones that can
be managed more easily. More specificaly, in our
framework, the fab simulator design problem reduces
to the problems of defining (i) the behavior of con-
stituent domains, and (ii) communication protocols
which will establish the effective interaction of the
various domains.

Being a software readlization of a real 300mm
fab, HiFiVE-300 requires a fully automatic control
system responsible for coordinating its operations. To
address the control problem in a domain more sys-
tematically, each domain is abstracted to a resource
alocation system (RAS) [16]. RAS is an abstraction
in which each domain is modeled as a discrete event
dynamic system consisting of finite set of resources
and concurrently executing processes competing for
the resources. This formal characterization of each
domain's behavior subsequently allows formal analy-
sis and the development of control policies to estab-
lish effective and efficient fab operations. In our past
work, we have established that the fab operations can
be represented through a hierarchy of RAS domains.
We proposed various RAS classes and corresponding
control policies that can ensure logically correct and
deadlock-free behavior for the domains defined in the
proposed approach. For details, the reader is referred
to[11, 15, 16].

Specifically, the fab domain is abstracted to an
RAS in which dynamically routed FOUPs are com-
peting for the finite bay stockers. In a similar way,
FOUPs competing for process tools and auxiliary
toolslike reticles constitute a bay RAS. Furthermore,
in an MHS domain having more than one transporter,
the transportation network segments naturally corre-
spond to the set of resources required for the trans-
porters to finish their trips. For al those RASs de-
fined above, it is clear that the control system should
be responsible for logical issues like deadlock-free
buffer alocation and collision-free transporter rout-
ing, as well as efficiency considerations like through-
put maximization, WIP reduction, and transportation
delay minimization.

Having established the hierarchical structure for
modeling fab operations, we apply model-view-
control (MVC) design paradigm to the underlying
structure to further achieve modularity and reusabil-
ity of the proposed approach. The MV C paradigm is
a framework that divides an entire simulation system
into three components, namely model, view and con-
trol [8]. In this framework, the model component is
an abstraction of state and behavior of the system,
while the view provides high quality run-time anima-
tion and supports user interaction handling. Finaly,
the control receives the state information from the
model, and issues commands to satisfy some pre-
defined qualitative / quantitative objectives. When
the MVC framework is applied to the domains de-
fined in our approach, fab facilities domain can be
mapped to the model, since they contain the complete
information of system states and represent the non-
deterministic behaviors. All other domains, namely
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the fab, bay, and MHS, are mapped to the control, as
they are responsible for coordinating the operations
within their domains by issuing appropriate control
commands. It should be noted here that the interac-
tions among the hierarchically decomposed controls
should be provided to guarantee correct and efficient
fab operations, and they are dictated by the commu-
nication protocols.
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Figure 2. Model-View-Control in HiFiVE-300
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Figure 2 shows the MV C separation taken in our
approach. We have adopted VRML as our 3-D visu-
alization tool. The virtual machines that correspond
to the fab model are implemented as Java servlets so
that they can be distributed over the Internet as nec-
essary to achieve scalable simulation. By following
the MVC approach, we are able to separate fab-
dependent behavioral model from the control system
and view, and thereby develop a distributed simulator
that can be re-used and updated modularly.

3 HiFiVE-300 Architecture and Proto-
cols

HiFVE-300 is a web-based, distributed simula-
tor that provides a structured and integrated environ-
ment for the modeling, analysis, and control of the
300mm fabs, based on the approaches outlined in the
previous section. Some characteristics that differenti-
ate HiFiVE-300 from existing semiconductor fab
simulator include (i) the rapid prototyping capability
through the provision of well-defined, high-fidelity
fab modeling primitives, (ii) fast execution of large-
scale fab simulation by exploiting scalability, and
(iii) availability of plug-and-playable controller
through the separation of controller from the fab
model.

Specifically, HiFiVE-300 is composed of one
off-line design module, called Fab Designer, that
allows fab (re-)configuration, and three run-time
modules, namely Virtual Machine Model, Controller,
and Animation, that supports real-time, interactive
simulation. In this section, we present detailed ar-
chitecture and protocols as well as implementation
issues for each module.
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Figure 3. Internal structure of VMM

The Virtual Machine Model (VM M)

Virtual Machine (VM) is a model-based software
module running on the server side, simulating the
behavior of fab operator or equipment such as proc-
ess tool, transporter, and stocker [7]. Each virtual
machine maintains its own state model and commu-
nication channel, and it plays a role of the fab model
component. In particular, since virtual machines are
designed with well-defined interfaces, and imple-
mented to run on the server side independently, they
are robust and reusable with respect to the changesin
behaviors and control logic. Hence, they can be
modified, replaced, and/or further refined to obtain
higher fidelity without affecting other modules in the
system.

Figure 3 shows the internal architecture of the
virtual machine. The virtual machine object consists
of member data and three main threads: StateModel,
MessageHandling, and Failure/Preventive Mainte-
nance. The virtual machines interact directly with bay
controller through message communication. When a
message delivered to the virtual machine from the
bay controller, the message is interpreted in the Mes-
sageHandling thread, and if the message is valid, it
calls proper methods to change member data and/or
current state in StateModel. While performing these
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steps, if there are events to be reported to the con-
troller, it broadcasts messages containing event in-
formation to the bay controller and real-time anima-
tion.
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Figure 4. Message protocol between bay controller
and virtual machines

The protocol governing the interaction with the
bay controller is materialized by a well-defined set of
messages exchanged between them. Figure 4 shows
the protocol implemented for interacting between bay
controller and virtual machines. As an example, we
consider VStocker representing a bay stocker in a
300mm fab. Its behavioral definition in terms of a
state-transition graph is depicted in Figure 5. When
the bay controller sends a message (RETR_REQ) for
retrieving a FOUP, if VStocker is not in a proper
state (IDLE state, in this example), it sends an error
message (STOC_ERR) to the bay controller. If the
current state of VStocker is IDLE, then it starts
simulating the retrieval operation based on its state-
transition model. Before changing state to RETRIEV -
ING, VStocker sends a message (RETR_STA) to bay
controller for reporting state change, and afterwards
it sends a message (RETR_FIN) again to the con-
troller and its state transits to IDLE state, after fin-
ishing the retrieval process.

From an implementation point of view, the vir-
tual machine model is a set of Java servlet programs
running within a Java Web Server (JWS). A servlet
isasmall Java application that runs on the server side
to extend and enhance the web server functionality.
This technology provides a component-based, plat-
form-independent method for building interactive
web applications [14].

REPAIR

Figure 5. State transition of the VM representing a
stocker

The Controller

The controllers are responsible for ensuring logi-
cally correct and high-performance operations in
their respective domains. In HiFiVE-300, there are
four different controller classes according to the dif-
ferent hierarchy in the proposed decomposition
framework. At the top level, Fab controller super-
vises the bay-level materia flow by alocating
FOUPs to appropriate bay stockers, and Inter-Bay
MHS controller coordinates the inter-bay transporters
to achieve efficient, deadlock-free material transpor-
tations. A bay controller is the controller at the next
level that interfaces with the fab controller as well as
its subordinate process tools.

A bay typically consists of a number of process
tools, stockers, and an MHS facilitating the intra-bay
transfer of FOUPs and auxiliary tools. FOUPs are
dynamically routed to the different process tools and
stockers, according to their recipes, and auxiliary
tools like reticles are delivered to the process tools
when they are required for processing steps. At the
same time, there might be more than one processing
tools capable for executing a step, or a FOUP might
need to be re-directed to a stocker anytime. Further-
more, additional behavioral constraints may be im-
posed on the bay operations, such as batch processing
requirements at a furnace tool. The operational char-
acteristics described above was formally modeled
and verified using the Colored Petri Net (CPN) [6] in
our past work. The proposed bay controller CPN
model in [12] is capable of assuring the logicaly
correct behaviors for the RASs characterized by
routing flexibility, multiple resource acquisitions, and
behavioral constraints, and it is encoded in HiFiVE-
300 bay controller.

On the other hand, the performance-related con-
trol decisions, including lot induction, lot dispatch-

Proceedings of the 2001 |EEE Systems, Man, and Cyber netics Conference
Copyright © 2001



ing, and dynamic lot routing, can be re-configured in
HiFVE-300 controllers in terms of specifying one of
available dispatching rules.
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Figure 6. Internal architecture of the bay controller

The entire control system is designed as a Java
applet [4], and each individual controller is imple-
mented by use of multiple communicating threads.
For instance, the internal architecture of a bay con-
troller is shown in Figure 6 where seven concurrently
running threads are defined to effectively handle
multiple asynchronous events. The proposed archi-
tecture associates message queues to two important
threads, bay and intra-bay MHS controls, so that they
can keep track of messages generated from other
threads while they are busy.

The Real-Time Animation

In simulation study, animation tools play roles
not only for simple graphical visualization but also
for model verification. For these purposes, HiFiVE-
300 provides a 3-D graphical animation tool. This
animation tool is implemented as a Java applet [4]
with a communication channel connected to virtual
machines. Through this channel, the animator re-
ceives messages, which are broadcasted from virtual
machines, and changes the graphical presentation of
system states in real time according to the contents of

messages.

We have adopted VRML technology supporting
3-D features and flexible view changes that enable
users to see the animation with various angles [17].
In addition, since it has been implemented as a Java
applet program, users can remotely monitor the cur-
rent simulation model using Internet web browsers.
Because HiFiVVE-300 has been implemented based on
MV C paradigm, this animation tool (view component
in MV C) can be replaced by new tools having better

functions, without changing any program in other
components such as controller and virtual machines.

Figure 7 shows a snapshot for bay model anima-
tion running on Internet browser.

The Fab Designer

Fab Designer is an independent, web-enabled
applet that provides an integrated design environment
to configure a fab simulation model. A fab model is
configured by specifying (i) the design parameters,
including the fab, bay, and inter/intra-bay MHS lay-
outs, (ii) the operation parameters such as lot and
recipe definitions, and (iii) the control parameters
represented by the selected logical and performance
control policies for al control domains. Therefore,
following the MV C framework proposed in Section
2, HIFVE-300 explicitly distinguish between the
model data and the applied control data.

Once the entire fab model is configured, Fab De-
signer can verify the input, and eventually export it to
the central database so that it can be imported for
simulation runs and/or further modifications.

o —

Figure 7. 3-D animation applet using VRML in
HiFiVE-300

4 Discussion

The research project outlined in this paper is a
major effort undertaken in the Keck Virtual Factory
Lab, in School of Industrial & Systems Engineering,
at Georgia Institute of Technology. In this project, we
have studied formal methods for contemporary semi-
conductor manufacturing systems, and designed and
implemented simulation tools for testing the effec-
tiveness of the formal methods and supporting practi-
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cal problem solving. Due to the distributed architec-
ture based on MVC paradigm, the ssimulator could
support the rapid modeling for large-scale fab mod-
els. Inthe near future, we will improve our prototype
HiFiVE-300 in terms of fidelity, running speed as
well as stability.

However, as the fidelity for virtua machine
model increases, the phenomenon lowering system
performance is inevitable within the current structure.
As an dternative to solve this problem, we are con-
sidering applying PADS (Parallel and distributed
simulation) [5] technology in virtual machine model.
For example, if the virtual machine model will be
developed as highest fidelity like real semiconductor
equipment, a logical processor (LP, i.e. a simulator
running in distributed environment) of each virtual
machine should be distributed over the network for
fast execution of high-fidelity fab models. For this
case, we need more related research with industry for
the methodology to distribute and design high-
fidelity virtual machine.
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