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Abstract— Increasingly, automation and computer-based control simulation languages, it is difficult to represent the control
play key roles in the operation of manufacturing systems. These system accurately [6]. Often, one must resort to coding in the

two factors are necessary to Support trends towards greater underlying |anguage from which the simulation |anguage is
product customization and increased emphasis on reduction of compiled.

lead times. At the same time, though, automation and computer- L L. . . -
based control can be enormously expensive to design and This is not a trivial task and makes simulation difficult,

implement in a factory. These high costs motivate the need for time-consuming and hard to validate. In fact, simulation
modeling and analysis. Existing modeling and analysis tools are teéchnology is not used to its full potential because of these
effective for high level modeling of manufacturing systems. types of difficulties. This research is motivated by the need to
However, they suffer from limitations which are important in  develop modeling tools and methodologies which support
detailed analysis of system performance. This research is rapid development of simulation models to assess system
motivated by the need to develop modeling tools which support performance, especially investigating the role of real-time
rapid development of detailed simul_ation models to assess systeMeontrol.  Our eventual goal is to provide an environment for
performance. - The fundamental idea is to develop such an g0 o 5 high fidelity testbed for manufacturing system design

environment (i.e., a “virtual factory”) which one may use : i "
. ( ) wctory ) yusetotest g control, in other words, to create a “virtual factory.
different system configurations and control policies. We

demonstrate our work thus far by presenting a case study In this paper, we present our research in this area to date.
involving deadlock avoidance in a semiconductor cluster tool. Our focus has been on (i) developing formal models of system
structure and behavior to support control policy development

|. INTRODUCTION and performance assessment, (ii) specifying the problem of

real-time control of flexibly automated manufacturing

Flexible automation and computer-based control play keystems, and (iii) developing a software environment which
roles in supporting greater product customization anmay be used to assess performance of control policies. We
reduction of manufacturing lead times. At the same tim@Jso present a case study involving deadlock avoidance in a
though, they can be enormously expensive to design agidster tool used for semiconductor manufacturing. This work
implement in a factory. For example, one fundamenti being conducted in the facilities of Virtual Factory Lab at
problem is that the automation and control for each systghe Georgia Institute of Technology.
must often be designed from scratch. Another problem is that
the equipment needed to support manufacture of sophisticated II. EMS DOMAIN ANALYSIS
products is typically expensive.

The high cost of flexible manufacturing system (FMS) A variety of modeling approaches can be used to study
development motivates the need for modeling and analysis.manufacturing systems. To study the low-level phenomena
is critical that one be able to determine accurate estimates feeded for detailed analysis, though, simulation remains the
system performance of a given system design onost flexible and powerful [5]. Traditional simulation
reconfiguration before implementation. At the same time, itlanguages are very useful in developing relatively simple
important that system designs and reconfigurations beodels. However, they are limited in their ability to represent
relatively straight-forward to implement. Existing modelingcomplex behavior and manufacturing control [7], [11]. This
and analysis tools are effective for high level modeling dfas motivated a significant body of research in the
manufacturing systems (e.g., aggregate part flows). Howeweeyvelopment of object-oriented approaches to simulation [7].
they suffer from limitations which are important in detailedrhe object-oriented paradigm facilitates modeling of complex
analysis necessary for accurate system performance estimatgsavior through natural mapping abstractions and modular
and for capturing details necessary for implementation. Foode development. For our simulation environment, we have
example, queueing networks typically omit importanthosen such an object-oriented modeling architecture,
structural features of the system, such as blocking. Even wilf©SIM, developed at the Georgia Institute of Technology [3],
more detailed simulation models developed using commerc[8]. OOSIM is implemented in C++ and runs on Unix



workstations. In this section, we briefly discuss a key feature controller domain The entire manufacturing system may

of this architecture, namely the manufacturirgference be decomposed into a set of controller domains. A domain
model(i.e., a formalized and normative description of a class has interface points callethared locationsor purposes of
of systems) from which it is developed. material transfer to other controller domains. A controller

The reference model is being extended so that it maintains state information about the devices and other
synthesizes three key elements: (i) a representation of controllers in its domain and about entities with which it
manufacturing systems needed to develop simulation interacts outside of its domain, throughcléent model
abstractions for performance assessment, (ii) a representationconstruct.

needed to support control policy development, and (iii) & The production sub-system consists of the set of machines
representation needed to support implementation of control \which perform physical transformations or logical
software. This paper focuses on the first two representations. transformations (e.g., an inspection) on material. A
The reference model is obtained througtmain analysis machine is a device, or collection of processing locations
Domain analysis is the process of organizing knowledge about and buffer locations. Anperation-location magpecifies

a class of problems (i.e., a problem domain) for purposes of the set of locations which may perform a particular
developing software abstractions [1] Operation ina process p|an_

Our domain analysis combines two decompositions of the
domain of manufacturing systems: plant vs. control, and

processing vs. logistics. The relevant entities in the reference systems which comprise a material handling network, and

model include the following. at a lower level, a set of transporter devices.domain

* Material consists of a set of jobs categorized by job type. map specifies the set of transporters (or a transport
Each job has a unique identity, a job type, a space controller) which may move a job from one machine
requirement and a process plan. The process plan consistocation to another within a controller domain.

of a set_ of operations which may have precedence Taken together, these entities form the basis for the
relationships. simulation modeling abstractions provided by OOSIM. These

* A locationabstracts the parts of manufacturing equipmenfre implemented as a set of C++ classes. At the same time, a
which can hold or process material. Thus, a location isf@rther abstraction of the plant (i.e., production and
building block for devices such as transporters af’l‘#ansportation sub-systems) forms the basis for a
machines. It is characterized by capacity and capabilifgpresentation which enables the development of control
(i.e., set of functions which it can perform). Hence, olicies. This abstracted representation of the plant is called a
location has two state variables: content state (i.e., seti@&ource allocation syste(RAS). The dynamic behavior of
material which occupies or has reserved it), anghe RAS is modeled as a finite state automaton. This
processing state (i.e., its current activity status, which maypresentation has been successfully used in the development
for example, be “busy,” “failed” or “idle”). of deadlock avoidance policies [10]. The fundamental

» The control system consists of a setcohtrollers each elements of a resource allocation system are a set of resources
overseeing a specific set of devices and other controlleesd a set of jobs. Table 1 shows the mapping from the
This set of devices and other controllers constitutes raference model to an RAS.

The transportation sub-system moves material through the
production facility. It consists of a set of constituent sub-

Table 1. Simulation and RAS representations

Simulation-based representation RAS representation
Job An RAS has a sébf job types which are active in the system at any time.
Location Each locatioh; is mapped to a resource tyRewith the same capacity.

Process Plan, Domain Map and Operation-Locatiofeach job typelT O J has a sequential set of process stages, each of which is
Map characterized by a set of resources which the job must obtain before the procesf stage
commences. In the current RAS model, the resources are uniquely defined and
include transportation resources. Hence, flexibility is not considered, and the dgmain
map and operation-location map are incorporated with the process plan.

System state consists of the assignment of job System state is determined by the number of job instances executing at each process
objects to location objects (content state), the currerstage supported by the current system configuration. (Given the unique definitign of
processing state of these location objects at any | resource requirements for each process stage, it follows that the system state also
point in time, and the current operation of each job determines the current allocation of resources of resources to jobs in the systen.
in its process plan.
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The resource allocation system representation and finite
state automaton model form the basis for development of —

algorithms which govern such control decisions as Strategic Decisions
dispatching, job release and deadlock avoidance. These (Initial Design and Expansions)
algorithms can be implemented within a controller object(s) in
the simulation to assess their effect on system performance,
and eventually in a real controller as software controlling ) -
activities on the shop floor. l Tactical Decisions Performance
(Current System Configuration) T‘g Oriented
8 8 Analysis
[ll. THE PROBLEM OF REAL-TIME CONTROL OF 2 @
MANUFACTURING SYSTEMS & _ - %
g Operational Decisions c
In the past fifteen years, significant advances have beené (Part Loading & Dispatching §
made in flexible automation. Yet real-time control of flexible 5 R
automation remains a difficult task. Smith and Joshi [12] cite &
the lack of standard models for control system development.g Structural Control Behavior
Additionally, system complexity is a real problem which ¢ (Deadlock & Disruption Oriented
results from a large variety of event types, stochastic system & Management) Analysis
behavior and even from flexibility itself. There is a gap @
between control policy development and performance N
assessment. We describe our approach to the problem here. Equipment Control Firmware
(Standards & Technology Oriented
Evolution) Analysis

A. Hierarchical Decomposition —

Fig. 1. Hierarchical framework for design and control

A typical approach used to address the complexity of FMS of discrete-parts manufacturing systems

control systems is hierarchical decomposition into sub-

problems. Such a decomposition is organized as a set of

layers, each associated with a different a time-scale. A Wideéy Implementation of a Controller Model

used decomposition features three levels [1], [13]. At the

highest levelstrategic decisionsnvolve initial deployment For the remainder of this paper, we concentrate on FMS
and subsequent expansion of the production systeBperational control, as well as structural control associated
Descending the hierarchgctical decisionsnvolve allocating  with deadlock management, in particutemadlock avoidance
production capacity to various product types to satisf) deadlock is defined as a circular wait condition among
external demands. Finallpperational decisiongoordinate resource allocation requests which causes all the requests to
shop floor activities such as job release, routing argk persistently infeasible. Obviously, the outcome of a
dispatching to meet requirements of the tactical decision levedeadlock in an automated FMS prevents the smooth flow of

This particular decomposition has effectively addressd@bs through the system, and it drives the utilization of the
performance-related issues. However, it does not account f@gources involved to zero. Deadlock avoidance is a control
lower-level issues involved in the real-time control of #olicy that uses on-line feedback about system state to control
manufacturing system. These types of issues can be classif@ggpurce allocation so that a deadlock does not occur [1].
as (i) ensuring stable and logically correct system behavior, These types of decisions are made in an automated system
and (i) interfacing the control system with manufacturingyy a controller. We view a controller as an event-driven and
equipment. In the first category, concerns focus on resolviggta-driven entity. That is, its decisions are invoked by events,
deadlock situations and reacting to disruptions such 8smessages which it receives, and it has access to data about
machine failures and job expediting. This type of control ihe system which it uses to make decisions. It then creates
calledstructural control[9]. In the second category, concernsvents (messages) which eventually translate to physical
focus on developing robust interfaces to handle the grestents on the shop floor.
variety of manufacturing equipment, standardized models 10 |, oy simulation modeling environment, the controller is
represent equipment behavior, and methods to facilital@ opject It communicates with other objects viessage-
control software portability in an environment of changingassing The controller has a set of decision routines, or
technological standards. controller scripts which are decision logic for operational and

In this work, we use an extended hierarchicadtructural control. Execution of a controller script is triggered
decomposition featuring the five levels shown in Fig. 1. when the controller receives a message from another object in



the simulation. A particular type of message triggers @ecision generated by a scriptGg is submitted to a script in
particular type of script. For example, consider an operatiorgl.  For example, the script i€ could be a deadlock

control decision. A machine has just finished processing a jgloigance script which determines whether the dispatching of
in @ manufacturing cell. The machine sends a message 0 fgyp, 1o its next machine is currently admissible. Another

cell controller object, which invokes a controller script. Thigossibility is that the controller employsiaadlock detection
script results in a routing decision (i.e., to which maching recoveryscheme (e.g., [14]). In this case, if the
should the job go next), a dispatching decision (i.e., should thgerational control script finds that a job dispatching request
job be taken there now), and a material handling dispatchipg cyrrently infeasible because it is blocked, it submits the

decision (i.e., which transport device should move the jolyjispatching request to a deadlock detection scripginf this

gsgsaengfhcslogrstrﬁayn?z Ssgudeigtt:%u?é dm:\yeffngffiagsn;sgﬂpt discovers that the system is currently in deadlock, it
controller. %he oi)r/n is );hat the controller scri tconstrut,ir[\I lates a series of messages o result in an appropriate
' P P fecovery scheme. Thus, structural control may result either in

pr0\_/|c_ies a .StT“Ct“re tp mp_lement algonthms for thes restriction on actions proposed by operational control, or in
decisions within the simulation. If the script executegldditional tasks

successfully (i.e., the decision is currently feasible), the The controller maintains a variety of information. This

controller issues a message. Otherwise, it cre amg_ information is contained in thesal-time control database
work tagfor that particular task. Once the controller receives, : . .
hich the controller accesses to support execution of its

amessage indicating feasﬂ:_nhty of that task, the pending WoEontroller scripts. Much of the informationssatic in that it
tag is removed, and the script is executed.

represents the system structure. Process plans, operation-
Structural control is implemented in a script as a modulgcation maps and domain maps all represent structural
called by operational control routines. It provides decisiongformation which does not change unless the system is
which ensure that the operational decisions are keeping &¥mehow reconfigured. Dynamic information about the
system behavior stable and logically correct. In the previodgstem state is captured in the client model database and in a
situation, a deadlock avoidance module checks the ja@t of pending work tags. Client models capture the content
dispatching decision to determine whether it is admissibigate and current processing state of each location in the
(i.e., does not lead to deadlock). It turns out that for th&ntroller's domain. Pending work tags are messages
considered class of RAS, theptimal deadlock avoidance recejved previously which could not be acted upon because
policy (DAP) is uniquely defined and effectively computablgnhey were infeasible at the time. A status update message may
[9]. Optimal in this sense means minimal restrictivenesgjrectly result in an update to the real-time control database,
However, in many cases, its complexity is superpolynomiady it may trigger execution of a task in the pending work list.
Practical considerations make us focus on deadlock avoidanceTnis controller primarily implementdispatching rulesas
policies which arescalableandprovably correct a means of scheduling rather thatobal optimization
Scalability implies that the policy implementation,scheduling. A more complex controller could have a set of
especially its real-time execution, is of polynomial time with
respect to system size, as defined by the number of system L Incoming Outgoing T
resource types and supported process stages. Correctness message message
implies the rigorous establishment that the system will never
deadlock when controlled by the policy (under normal Communications
operating conditions). Since the optimal policiNiB-hardin
the general case [9], scalable and correct DAP’s wibuie
optimal A promising class in terms of efficiency is that
known asQ-DAP's. Furthermore, a sub-class of resource | | Controller Scripts QUe | Real-Time Control

A

allocation systems with considerable practical significance fgggr‘ﬁrgi;)”a' Update | Dotabase
has recently been shown to admit a scalable optimal DAR ° . System structure informatioh
[10]. call to * Process plans

Fig. 2 shows the generic structure of the controller and thg | scriptinc, | Result ggrir;tr'lor?";cgcat'on map
logical behavior of its scripts. The controller has a set of

R K . X . System state information
methods which enable it to communicate with other objects. | controller scripts] QUE™ |« Client models

The modeler specifies the messages, which have the format | for Structural »| « Pending work tags
<sender , message_type , parameters >. Each message is Control Cy) Update
matched to a controller script based message-type

The controller has a s€l, of scripts for operational control,

and another seZg of scripts for structural control. A specific Fig. 2. Structure and behavior of FMS controller




controller scripts which constitute a scheduler. It would takecation can perform a specified set of operations (operation-
input in the form of production goals and deadlines and théocation map). Finally, the controller is represented as a
generate a schedule. This controller would also maintain esntroller object with a set of controller scripts.
part of the real-time database a representation of the currentin our model, we assume that there are no process
schedule. The operational control scripts would then amber or robot failures, and that process and transport times
responsible for coordination of material movement andre deterministic due to the automated system operation.
processing activities so that the schedule is met. Also, we consider only static routings. Hence, the process
The controller script provides a useful structure foplan is strictly sequential, and the operation-location map
implementing control policies within a simulation model foprovides a one-to-one mapping between process operations
performance evaluation. The next section discussesaad chambers. For simplicity, we do not distinguish between

demonstration of the simulation-based framework. the two. The main variability in this model is introduced by
blocking and control policy restrictions designed to keep the
IV. DEMONSTRATION tool from entering into a deadlock state.

We briefly describe an example featuring a cluster to®. Deadlock Avoidance in a Cluster Tool
used for semiconductor fabrication. Our goal is to o
demonstrate our proposed framework for simulation-based ClUSter tools are a new technology. A key question is how
performance assessment of real-time control. The particul§fSt t0 use the modular chamber design to promote system
problem studied is deadlock avoidance during real-tinfrformance. Current practice uses a capacity of one wafer
control. Our goal is to determine the system performance of§ €ach process chamber and fairly simple wafer routings.

policy in terms of throughput, which is a primary performancEC" €xample, the chambers may all be assigned the same
measure in the semiconductor industry [8]. operation so that they function in parallel. Likewise, wafers

may be routed through the chambers in serial progression. It
is not clear, however, that these configurations result in the
best system performance. We are therefore investigating more
Consider a cluster tool (a highly automated device usedéomplex wafer routings.
the fabrication of semiconductor wafers). It consists of a set If a cluster tool is to process a set of wafers which exhibit a
of modular process chambers organized around a mainfranmmplex part flow, then deadlock is possible. In particular, a
enclosing a controlled environment. Inside the mainframe igda@adlock can occur if a cycle exists among the various
robotic material handling device. An operator loads anpbssible wafer movements for a given wafer mix. Of course,
unloads cassettes of wafers through loadlock chambers, amg can prevent a deadlock simply by disallowing wafer
the wafers are processed and transported individually. Figmgxes that exhibit a cycle. However, we are interested in part
shows a schematic. mixes with complex routings (e.g., a re-entrant flow or
In the model, each chamber is represented as a processintiple wafer types). Therefore, we consider the possibility
device with a location for each unit of processing capabilitpf deadlock.
The robot is represented as a transport device with one Here, we consider a tool configuration in which each
location. The loadlock chambers are represented by locatipipcess chamber has a capacity of two wafers. In this
objects with capacity of 100 wafers; wafers are representedcaifiguration, aroptimal deadlock avoidance policy may be
job objects. Process plans are sequential, and each prodegdemented [10]. This is possible because this configuration
does not admit “unsafe” states (i.e., non-deadlock states which
are guaranteed to lead to a deadlock state). Thus, a proposed
part movement can be evaluated via a one-step look-ahead
procedure to detect whether it results in deadlock. This
procedure is of polynomial complexity [9]. Given a part

A. System Description and Base Model

Processing chamber

Load-lock movement request, the look-ahead algorithm considers the
[ system content state if the move is made. It determines

Q whether a deadlock results through the following steps.
+—> Q 0. Mark all resources having a job. Label this resource set as

M. Sets = false.

1. If (M #£0 ands = false), ses := true. Else go to step 3.

2. ScanM and eliminate any resources frdvh which have
excess capacity, or which have a job that will next exit the

_ o system or move to a resource noMn If any resources
Fig. 3. Configuration of a cluster tool are eliminated fronM, sets := false. Go to step 1.

Wafer cassette(s)
loaded/ unloaded

Mainframe



3. If (M = 0), end with no deadlock. Else end with areference model which supports both activities and provides
deadlock consisting of the resourced/in the basis for their integration.

This algorithm is implemented as a script in the structural Future work ‘includes (i) extending the underlying
control module. It is invoked by a dispatching script from thEeférence model to support implementation of control
operational control module. For this example, we considerSgftware, (ii) development of a set of generic controller scripts

simple dispatching rule for operational control, namely firsfor operational and structural control, (iii) incorporating
come-first served. routing flexibility and failure handling into our framework,

and (iv) extending our scope to cover tactical and strategic
decision-making in manufacturing. In addition, we intend to
validate our results over a range of case study applications.

The data used for the demonstration are shown below in
Table 2 and Table 3. This is not actual data, but it is VI. REFERENCES
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