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Abstract— An application of supervisory control theory to
a semiconductor manufacturing piece of equipment is pre-
sented. This approach allows the flexible design and reliable
update of processing “recipes” to accommodate frequently
changing manufacturing requirements. An input-output in-
terpretation of supervisory control theory is given. This
interpretation leads to a generic implementation scheme for
manufacturing systems. A synthesis fixpoint algorithm im-
plementation using binary decision diagrams enables the de-
sign of supervisors of realistic size. A sample synthesis for
an oxide growth recipe is performed on a state space of the
order of 10% states. The actual implementation of the logic
sequencing control software for the application under inves-
tigation is described.

I. INTRODUCTION

HE supervisory control theory introduced by Ra-

madge and Wonham [1], [2] provides a formal frame-
work for analyzing discrete event logic systems. The pos-
sible executions of a system are modeled mathematically,
and a system specification describes the desirable execu-
tions. The role of a supervisory controller is to interact
with the system in order that the closed-loop system meets
its specification, i.e., it is to guarantee that undesirable ex-
ecutions do not occur and that certain termination states
are reached. The theory provides algorithms for the auto-
matic synthesis of supervisory controllers from their speci-
fications.

Despite this theoretical appeal, there are very few control
logic synthesis applications based on supervisory control
theory. As of yet, the authors are unaware of any pub-
lished account of applying supervisory control theory to a
manufacturing application. The most closely related work
includes an attempt to design protocols for communicating
processes [3], and a recent preliminary theoretical study
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on how to apply supervisory control to the management of
manufacturing workcells [4].

Other related work includes the automatic verification of
controllers, instead of their automatic synthesis. Here, the
supervisor design is performed on a trial and error basis.
Verification can be done using techniques originally devel-
oped for the formal verification of logic circuits, protocols,
and logic programs [5]-[7]. Recently, model-checking ver-
ification approaches have been applied to the verification
of supervisors for an automated highway car platoon sys-
tem [8].

A. Difficulties

In the authors’ opinion, the lack of automatic synthesis
applications that base themselves directly on the Ramadge
and Wonham framework is due to three classes of key prob-
lems. The following description gives a brief account of
the difficulties encountered in the development of a con-
trol logic synthesis environment for the project described
in this paper.

i) Model Interpretation: The logical plant model pro-
posed in supervisory control theory assumes a plant that
“generates” events spontaneously unless it is prevented
from doing so. The control mechanism available to the
supervisor 1s the ability to prevent the occurrence of some
events, called controllable events. This model is not appro-
priate for most real systems. In fact, real systems usually
react to commands as inputs with responses as outputs.

ii) Computational Complexity and State-Space Ezxplo-
ston: Other synthesis algorithms have complexity that is
exponential in the state-space size of the problem input.
However, the Ramadge and Wonham framework makes
assumptions that ensure that synthesis is only of polyno-
mial complexity in the size of the global system. However,
even this computational expense is prohibitive, because the
global system size grows ezponentially with the number of
modules. Thus the sheer size of the discrete state-space of-
ten renders traditional computational methods infeasible.

iti) Supervisor Implementation: The supervisory con-
trol literature provides few indications on how to imple-
ment the control software for a discrete event system.
The synthesis procedure generates an abstract supervisor
model, which is not directly usable in its form for the con-
trol software of a real system.

It is the goal of this paper to demonstrate the feasibility
and usefulness of supervisory control theory by applying
it to a device for the manufacture of semiconductor inte-
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grated circuits. This paper reports the difficulties encoun-
tered in some detail and tries to provide at least partial
remedies for the three classes of problems. By addressing
the above-mentioned problems in Sections IV, V, and VIII
respectively, the authors hope to provide some guidance
for future implementations on one hand and for theoretical
research on the other hand.

B. Rapid Thermal Multiprocessing

As manufacturing equipment hardware becomes more
flexible in general, and as exploiting this flexibility can only
be possible through a higher control software complexity,
there is an increasing need for control logic synthesis tools
that allow for fast control software prototyping. While soft-
ware verification tools such as those described in [9] start to
become available, relatively few attempts, if any, have been
made to implement algorithmic synthesis procedures. Fur-
thermore, there do not exist any environments that allow
for the direct implementation in real-time of the synthe-
sized control software. It appears essential to the authors
to integrate in the same environment the modeling of the
workeell to be controlled, the specification to be enforced,
the synthesis of a controller and its implementation.

The specific application presented in this paper is a
plant for the manufacture of semiconductor integrated cir-
cuits. Traditionally, a semiconductor plant consists of
many pieces (e.g., 200-300) of dedicated processing equip-
ment optimized for the production of large batches of
wafers. Each workcell in the factory can only perform a
very specific operation, with high reliability. However, in
the near future, rising equipment costs will result in a pro-
hibitive capital investment to build such enormous plants.

This economic barrier, together with the trend toward
smaller series of integrated circuits, necessitates a new con-
cept in semiconductor manufacturing plants: the microfac-
tory. A microfactory is composed of a few flexible pieces of
equipment (typically 6 or 7) efficiently handling one wafer
at a time, each piece performing multiple operations.

Such multiprocessing microfactories must have the abil-
ity to adapt efficiently to changes in manufacturing require-
ments, products and processes. Consequently, it is essen-
tial to develop a control programming environment that
supports the fast development and reliable computer-aided
design of real-time multitasking control systems. Wonham
and Ramadge’s supervisory control theory provides a for-
mal setting for the design of such a system.

An instance of a piece of equipment in a microfactory
is a Rapid Thermal Multiprocessor (RTM). The RTM de-
scribed in this paper is under development by Saraswat
et al. [10]-[12] at the Center for Integrated Systems (CIS)
at Stanford University. The RTM consists of a process-
ing chamber capable of performing a number of processing
steps such as cleaning, annealing, oxidation and chemical
vapor deposition using a multitude of attached processing
machinery. A wafer need not be moved from one piece of
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equipment to the next in a large factory. Instead, many
processing steps can be executed in the same chamber.

A combination of key developments of recent years is ex-
pected to make RTM’s ready for industrial use. In the
Stanford project, dynamic control techniques are being
studied to improve the wafer temperature uniformity [13]-
[15]. Second, a rapid strategic control logic prototyping is
being developed [16]. It must allow the flexible implemen-
tation of processing recipes that are changed and updated
frequently to accommodate changing processing require-
ments.

We shall frequently refer to the RTM and its subsystems
in the remainder of the paper. A somewhat more explicit
description of the system is given in Section VII.

The organization of the paper is as follows. After a re-
view of supervisory control theory in Section III, an input-
output interpretation of the formal model is proposed in
Section IV. A synthesis procedure based on the manipu-
lation of binary decision diagrams is briefly described in
Section V. In Section VI, the plant and supervisor mod-
els are refined and a generic scheme for the logic control
of a manufacturing system is presented. In Section VII,
an illustrative example and a sample manufacturing recipe
from the RTM context are discussed. Finally, Section VIII
gives an account of the on-line implementation of the con-
trol strategies for the RTM, while Section IX presents the
implementation of the off-line control synthesis software.

II. PRELIMINARIES AND NOTATION

Let X be a finite alphabet of symbols. For any set X,
let * denote the set of all finite sequences or strings over
Y. Tor a string s = $1,82,-+,8, € XN*, we say len(s),
the length of s, is n. We let s; denote its component at
the ith position, if 1 < i < len(s). The symbol ¢ denotes
the empty string. A finite string ¢t € X* i1s a prefiz of s if
len(t) < len(s) and t; = s; for 1 < i <len(?). A language
L over ¥ is any subset of ¥*. The set of all languages
over ¥ is denoted by £. Let L denote the set of prefixes
of strings in L. We say L is prefiz-closed if L = L. We
denote by del(D)(L) the language obtained by removing
all occurrences of symbols in D C ¥ from the strings in L.
It is the projection of the language L on the alphabet X\ D.
Its inverse is del =} (D)(L') = sup{ L | del(D)(L) = L'}, i.e.,
the largest language whose strings with the symbols in D
removed are strings in L.

A finite-state automaton A [17]is a tuple (X,Q, 6,1, F'),
where X is a finite alphabet of transition symbols, @ is a
finite set of automaton states, § : ¥ x Q — 29 is a partial
transition function mapping a state and a transition symbol
to a set of states. If ¢’ is in é(q, ), then it is possible to
move from state ¢ to ¢’ with the transition labeled by the
symbol 0. I C (@ is a set of initial states, F' C () is a set of
final states.

The automaton is deterministic if its transition function

is deterministic, i.e., if 6(q, o) is a singleton for every ¢ and
o and there exists only one initial state, i.e., if the set I is
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a singleton {qo} for some ¢qo € Q. |.A| is used to denote the
size of A, l.e., the number of states in A.

An accepting run of A on the string s € ¥* is a sequence
q of len(s) + 1 states such that ¢; isin I, ¢;41 is in 6(q;, $;)
for 1 <4 < len(s), and ¢ien(s)+1 is in F'. The language
generated by A, denoted L(A), is the set of all strings s
with accepting runs. A language L is regular if and only if
there is some finite state automaton A such that L(A) =
L. For a regular language L, |L| denotes the size of the
smallest deterministic automaton A such that L(A) = L.
The class of regular languages is a proper subset of the set
of all languages.

III. REVIEW OF SUPERVISORY CONTROL THEORY

In this section, we review some results from supervisory
control theory to provide the background for the rest of
the paper. Ramadge and Wonham’s theory of supervisory
control [18], [2] uses formal languages to model both the
uncontrolled discrete event system and the specification for
the controlled behavior. In their approach, a discrete event
system execution is modeled as a sequence of events, an
event being a qualitative change occurring in the system.
The set of all such sequences forms a language and repre-
sents all the possible executions of the system.

The basic problem of supervisory control is to modify
the open-loop behavior of a discrete event system by elim-
inating sequences of events from the system behavior. The
objective is to restrict the behavior of the system so that it
is contained in a desired behavior, called the specification.
This is achieved by constraining the discrete event gener-
ator to execute events only in strict synchronization with
another system, called the supervisor.

We slightly reformulate the standard framework by re-
fraining from introducing automata as models from the be-
ginning. We introduce a pure language-based process model
instead and formally define process composition. A simi-
lar approach was already taken in [19] and in the context
of w-regular task specifications in [20]. The reformulation
does not affect the main results.

A. Process Model and Process Composition

A process is modeled as a pair P = (Lp, Mp) of lan-
guages of finite strings over the alphabet ¥. Lp is a prefix-
closed language representing all possible partial executions
of P, while Mp C Lp, is a set of distinguished strings,
the marked language. The language Mp marks the set of
successfully completed strings.

Let us denote by P; the process (Lp,, Mp,) over ;. The
composition Py||Py of two processes Py and Py is the pro-
cess

Pi||Py = (Lp,p,, Mp,p,) (1)

where the alphabet of the composed process is ¥ = % UXs.
The language Lp, | p, C X" is defined as follows
del(X — X4)(s)

I _ S LP1/\
PillP: = 7 ez — B5)(s) € Lp,

del(E — El)_l(LPI) N del(E — 22)_1([/})2).
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Analogously, Mp, | p, C ¥* is defined as
Mp,p, = del(X — £1)"H(Mp,) Ndel(X — X))~ H(Mp,).

Note that for the particular case when ¥; = Y¥5 = X,
the composition of the two processes yields Pi||P» =
(Lp,NLp,, Mp,NMp,). The composition operator is both
associative and commutative. Thus, the composition of
n processes can be defined; we denote it by ||’ P =
PlIPal] | Po.

B. Supervisor Synthesis Problem

In the following, we model the event generator by a pro-
cess P = (Lp, Mp) with event set ¥. Ramadge and Won-
ham postulate that the event generator spontaneously gen-
erates all events in X, and that the events are divided into
two classes: controllable and uncontrollable events. The
controllable events Y., can be prevented from occurring by
synchronization with the supervisor while the uncontrol-
lable events X, are the remaining events over which a su-
pervisor has no authority.

We model the supervisor as a process S = (Lg, M) with
languages over the alphabet 3. Then, the generator process
P and the supervisor process S jointly executing events can
be described by the composition P||S = (Lp|s, Mp)s).
Lgs)p and Mp| s are called the supervised languages. The
language Mp;s is marked by both the supervisor and the
plant, i.e., all strings in Mp|s are contained in both Mp
and Mg.

In the synthesis procedure, we are free to choose the su-
pervisor while the generator process is given and cannot
be altered. However, a supervisor process cannot be cho-
sen arbitrarily. In fact, as the supervisor cannot prevent
the occurrence of uncontrollable events, we are interested
only in those supervisors that can always track an uncon-
trollable event generated by the plant. For a formal char-
acterization of such supervisors, we review the definition of
completeness.

A supervisor S is called complete for P if

P||S = P||(Ls X}, Mg). (2)
Intuitively, a complete supervisor is such that it can always
track the uncontrollable events produced by the generator
plant without the ability to prevent them. Replacing the
supervisor S by a process (Lg.X%, Mg) which is modified
to always accept any uncontrollable event, but is otherwise
the same as S, must leave the behavior of the composed
process P||S unchanged.

In addition, we further restrict our attention to the class
of supervisors that also guarantee that a partial sequence
of events in the closed-loop can always be completed to a
marked string in both the generator plant and the super-
visor. For this we use the concept of nonblockingness (see
Ramadge and Wonham [1], [2]). A process P = (Lp, Mp)
is nonblocking if any string in Lp can be completed to a
marked string in Mp, i.e., if for all strings s € Lp there ex-
ists a string ¢ such that s.t € Mp. In particular, a process
P is nonblocking if and only if Lp = Mp.
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We are now ready to formally state the following super-
visor synthesis problem ([1, S7]).

Supervisor Synthesis Problem

Given a plant P, find a supervisor S such that

1) 1MP||S g Lspeca

ii) S is complete for P,

iii) P||S is nonblocking
where Lgpec 1s the specification language for the closed-loop
behavior.! In particular we note that if P||S is nonblocking,
then any string in Lp)s can be extended to a string that
is marked both in the plant and in the supervisor.

C. Controllability

Ramadge and Wonham [1] introduced the notion of con-
trollability to characterize the supervised sublanguages of
the generator plant P = (Lp, Mp). A language K C ©*
is controllable with respect to Lp if K., NLp C K.

Supervisor existence was related to controllability in ([1,
proposition 5.1 and theorem 6.1]). It was shown that S =
(K, K) is a complete supervisor for P such that Mps = K
and P||S is nonblocking if and only if K is controllable and
K C Mp.

The class of controllable languages is closed under lan-
guage union. The supremal controllable sublanguage of E
is defined as supC(E) = ({K : K C E and K is con-
trollable wrt. Lp}. The following theorem adapted from
([1, theorem 7.1]) gives a necessary and sufficient condition
for the existence of a solution to the supervisor synthesis
problem.

Theorem 1: The supervisor synthesis problem has a so-
lution if and only if sup C(Mp N Lgpec) is nonempty.

The particular supervisor

Ssup = (sup C(Mp N Lepec), sup C(Mp N Lepec))

(3)
is a solution if and only if sup C(Mp N Lepec) is nonempty.
It is also the least restrictive supervisor in the sense that
it does not prevent any event sequence that would be al-
lowed by some other supervisor that is also a solution of
the supervisor synthesis problem.

D. Rerative Solution

Tt is shown in [21] that sup C(F) is the greatest fixpoint
of the operator Q : £ — L defined as

QK)=Ensup{T:TCY*T=Tand TS, NLp CK}.

Solving the supervisor synthesis problem reduces to ef-
fectively computing the greatest fixpoint of Q for E =
Mp N Lgpec. We assume the generator plant and spec-
ification languages are regular languages. Let Agpec be
a deterministic finite-state automaton for Lepe.. Suppose
the generator plant P = (Lp, Mp) is represented by an
automaton Ap for Mp C Lp, where the language Lp
is the language obtained by considering all states final.
The complexity of computing the greatest fixpoint of
is O(|Aspec|*.|Ap|?). An efficient implementation strat-

ITn this paper we do not consider a minimally required behavior,
but only a maximally tolerable behavior.
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egy for this recursive algorithm will be discussed in Sec-
tion V. An alternative, nonrecursive algorithm of complex-
ity O(JAspec|®.|Ap|) for prefix-closed languages was pre-
sented in [22].

FE. Modular Plant

The system to be controlled is usually composed from
modular subsystems.  Formally, each subsystem ¢ €
{1,2,---n} can be modeled by a process P; = (Lp,, Mp,).
The global uncontrolled system is obtained as P = ||7_, P;.

The controllable and uncontrollable events are identi-
fied at the global level. Note that the composition opera-
tor used to describe the concurrent behavior of the plant’s
components implies interleaving of the events. Events in
different components (as long as they are distinct) are as-
sumed to happen at strictly different time instants. The
main advantage of interleaving is that the number of pos-
sible events in the global plant is bounded by the sum of
the number of events in the components instead of their
product.

It is easy to see that if the languages of the plant’s
components are represented by automata, the number of
states in the global plant’s automaton increases exponen-
tially with n, the number of modular components. This
fact is crippling when it comes to computation for realistic
systems. This principle is known as state-space explosion,
and is currently an area of intensive research in the formal
verification of finite-state systems.

F. Modular Specification

The specification is typically given as a collection of lan-
guages, each of which represents a desirable property of
the controlled system. These can be intersected to yield a
global specification language. This procedure is subject to
state-space explosion just as in the case of a modular plant.

Fortunately, in the case of modular specification, the
principles of modular synthesis outlined in [23], [18] can
be applied. The supervisor synthesis problem is solved for
each modular specification and the resulting supervisors
are composed to form a solution to the globally specified
problem. In addition to being more easily synthesized, a
modular supervisor is easier to modify, update and main-
tain. For example, if one subspecification is changed, then
it is only necessary to redesign the corresponding subcon-
troller, rather than the entire supervisor.

Let Ra(P) be the set of complete supervisors for P. The
modular synthesis is clearly aided by the following.

Proposition 1: Ry(P) is closed under composition.

Unfortunately, the composition of supervisors for a sys-
tem does not preserve nonblockingness of the closed-loop
behavior. A global complete supervisor such that the
closed-loop system is nonblocking cannot always be con-
structed by composing modular supervisors. Only under a
special condition can a global supervisor be obtained.

For this purpose, Ramadge and Wonham introduced the
notion of nonconflicting languages. Two languages L; and
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Ly are nonconflicting if L1 N Ly = L1 N Ly. Since it is
always the case that Ly N Ly C Li N Ly, two languages
are nonconflicting if Ly N Ly C L1 N Ly, i.e., whenever they
share a prefix, they also share a word containing this prefix.
For example, any two prefix-closed languages are noncon-
flicting.

Consider two specification languages Lgpec; and Lgpec,
with the corresponding supervisors S; = (K;, K;) and
Sy = (K2, K3) , where K; = sup C(Lspec; N Mp) for © =
1,2. Then, if Ky and K5 are nonconflicting, a global least
restrictive supervisor for the specification Lgpec = Lgpec; N
Lgpecs can be obtained by taking the composition of the
modular supervisors S; and Ss.

It was shown in [23] that the total complexity of modu-
lar synthesis with n modules is O(n x |P|*(max; | Lspec;|)?)
as opposed to O(|P|*(max; | Lgpec;|)*") for the nonmodular
synthesis. Note that the success of the nonmodular syn-
thesis does not imply the success of the modular synthesis.
The complexity of the modular synthesis procedure is thus
conditional on its successful completion.

There exist few a priori conditions on the plant and spec-
ification languages under which two supervisor languages
are nonconflicting. For example, it is insufficient to assume
that the specification languages are nonconflicting. Some
important classes of specification and plant languages that
guarantee nonconflictingness of the languages of the super-
visors are worthy of mention here.

o Prefiz-Closed Languages: 1If Mp, Lepec, and Lepecy
are prefix-closed, K1 and K2 are nonconflicting.

o Local, Decentralized Languages: This class of lan-
guages takes advantage of the modularity of the plant.
Let P, and P; be two plant components with respec-
tive disjoint alphabets ¥; and ¥,. For local specifica-
tion languages Lgpec; C X7 and Lgpec, © X3 we have
that del(¥ — X¢)~!(supC(Mp, N Lepec;)) and del(X —
o)~ (sup C(Mp, N Lspec,)) are nonconflicting.

Another condition that guarantees nonconflictingness is
the “nesting” property of specifications that was presented
in [23]. This property is not exploited further in this paper.

Modular design can also be done for general languages
that do not meet any of the a priori conditions above. This
involves finding “noninner-blocking modular supervisors”
as proposed in [24]. These supervisors can be found first
by computing Ky = sup C(Mp N Lgpec,) and then

Ko = sup C&NC(Mp N Lopecy, K1), (4)

the supremal controllable and nonconflicting sublanguage
of MpN Lgpec, (wrt. to K1). The following inclusion holds.

K1 N Ky Csup C(Mp N Lepec; N Lepecs)- (5)

If the language Ky is nonempty, we can construct modular
supervisors for the languages K; and 1&72 . Note that be-
cause inclusion (5) can be proper, the composition of two
modular supervisors with language K; and K, does not
necessarily yield the globally least restrictive supervisor.
Moreover, if the language of (4) is empty, this does not
imply that sup C(Mp N Lgpec; N Lspec,) = () and a non-
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modular solution to the supervisor synthesis problem may
still exist.

Before concluding, we point out the benefits of incremen-
tal modular design if it cannot be guaranteed that K; and
K, are nonconflicting. The supremal controllable sublan-
guage sup C(MpﬁLspecl ﬂLspec2) can be computed directly
from Mp N Lepecy N Lgpec,, or alternatively it can be ob-
tained as sup C(K1 N Lgpec,). If for the problem at hand
the comparison of computational cost is such that

|Lspec2|2>< 2‘|‘|Lspec1|2><|P|2 < |Lspecg|2X|Lspec1|2x|P|2;

K

then incremental synthesis becomes attractive. Moreover,
incremental synthesis can in general represent a saving in
computation if K is already known from a previous com-
putation.

IV. AN INPUT-OUTPUT INTERPRETATION
A. Plant Model

The model interpretation proposed by Ramadge and
Wonham consists of a plant event “generator” that
“wildly” produces events; the only way to affect the be-
havior of the plant is by disabling the controllable events.
In their semantics, the plant alone schedules the occurrence
of all events. This model interpretation is graphically ren-
dered by the left-hand side of Fig. 1.

In the authors’ opinion the model of a plant generat-
ing all events is not always accurate for real systems; an
input-output perspective is required [16]. In fact, events
do not usually occur spontaneously, but only as responses
to commands. For instance, system actuators are activated
by commands, while responses report sensor configuration
changes.

The formal generator plant model of Section III consists
of a process P = (Lp, Mp) with the alphabet ¥ parti-
tioned into two disjoint subalphabets ¥ = X.UX,. The
partition of ¥ is now interpreted differently. The elements
of ¥, model the inputs of the plant whereas the elements
of ¥, stand for the plant outputs. From now on we refer to
the inputs as commands and to the outputs as responses.
The input-output model P = (Lp, Mp) can be interpreted
as a transfer function from the input behavior del(X,)(Lp)
to the output behavior del(X.)(Lp). Graphically, we illus-
trate this with the right-hand side of Fig. 1.

B. Supervisor Model

In the original model, the supervisor acts as a passive
device, tracking events produced by the plant and restrict-
ing the behavior of the plant by dynamically disabling the
controllable events (see Fig. 2, left-hand side).

In the proposed input-output perspective, the supervisor
does not simply prevent controllable events from occurring
(by means of the synchronization P||S) but actually trig-
gers or forces? commands to the input of the plant. The
generation of events is therefore initiated not only by the

2This notion of forcing events differs from the one presented in [25].
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event
. GENERATOR|XZ. U X, P 1/0 Su
enabling/ PLANT PLANT
disabling
Fig. 1. Generator plant and input-output plant.
. 1/0
SUPERVISOR SUPERVISOR
event
T, UX, enabling/ (a) |2, (b) |Zc
disabling
GENERATOR 1/0
PLANT PLANT

Fig. 2. Asymmetric (left) and symmetric (right) feedback loops.

plant, but by both the plant and the supervisor. Com-
mands are produced by the supervisor, and responses by
the plant (see Fig. 2, right-hand side).

C. Closed-Loop System

When connecting the plant with a supervisor, it is im-
portant to have a precise model of how the synchronization
between both processes is performed. In this paper we dis-
tinguish two sorts of synchronization between processes.

a) Full Synchronization: an event that is shared be-
tween two or more processes must be agreed upon by all
processes who carry the event in their alphabet.

b) Prioritized Synchronization: Certain events can be
initiated by a process without consulting the other pro-
cesses. These events will occur regardless of whether the
other processes can execute them.

The process resulting from the connection of two pro-
cesses under full synchronization is described by the com-
position given by (1). For a formal definition of a composi-
tion operator corresponding to prioritized synchronization
and for a detailed description of synchronization modes
see [26].

Ramadge and Wonham assume in their model that the
set of uncontrollable events cannot be prevented from oc-
curring. The uncontrollable events will occur regardless of
whether the supervisor can “accept” them. If we choose to
have only closed-loop connections of plant and supervisor
in which the supervisor always accepts the uncontrollable
events from the plant, the supervisor must be chosen to be
complete for the plant and therefore must satisfy (2).

From an input-output perspective the closed-loop behav-
ior of a plant with a supervisor can intuitively be thought
of as follows. Let the plant and the supervisor be under-
stood as finite-state constructs. Out of the commands and
responses from its current state, the supervisor schedules
the commands to be transmitted to the plant. The plant
schedules the responses from its internal state. Both plant
and supervisor processes can be thought of as competing
for the first occurrence of one of the events they trigger.
Both plant and supervisor behave like active scheduling
units, while in the original model only the plant has that
authority.
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Both in the original Ramadge and Wonham model and
from an input-output perspective, (2) can be understood
as the condition under which the connection of plant and
supervisor yields the same closed-loop behavior under ei-
ther full synchronization or prioritized synchronization for
part (a) of the feedback-loop of Fig. 2, i.e., the plant forces
the unbuffered communication between the plant and the
supervisor processes without consulting the supervisor.

The input-output view of the connection of the plant
and the supervisor leads to the analogous constraint that
the plant also cannot prevent the occurrence of commands
produced by the supervisor. This choice affects part (b) of
the feedback-loop in Fig. 2.

The assumption implies that the plant must be complete
for the supervisor. Formally, a plant P is complete for S if

P||S = (LpXZ, Mp)||S (6)
Equation (6) can be seen as a dual to (2).

Let Ry (P) be the set of all supervisors for which the
plant P is complete. It is easy to see the following propo-
sition.

Proposition 2: Ry (P) is closed under composition. Fur-

thermore, if either Sy or Sy is in Ry, (P) but not necessarily
both, S1(|S2 is in Ry (P).
A

It follows from Propositions 1 and 2 that R(P) =
Ra(P) N Ry(P) is closed under composition. We say the
plant P and a supervisors from R(P) are mutually com-
plete. In other words, a supervisor from R(P) satisfies
both completeness conditions (2) and (6).

We now state in the following lemma a result which we
need later.

Lemma 1: Let P = (Lp, Mp) be a plant and S =
(Ls, Ms) a supervisor. If Lg C Mp then the plant is
complete for the supervisor and therefore (6) is satisfied.

Proof: Tt is easy to see that (6) is equivalent to Lg N
Lp = Lg N Lp. X% This is always true if Lg C Mp C Lp.
|

D. Controller Synthesis Problem

We are now ready to present a slightly different syn-
thesis problem which incorporates the additional condi-
tion (6). To distinguish the newly introduced input-output
semantics from the generator disabling semantics, we call
the input-output supervisor a “controller.” The following
problem corresponds to the newly introduced controller se-
mantics, which postulates that events can be generated
both in the controller and the plant.

Controller Synthesis Problem

Given a plant P = (Lp,Mp), find a controller C' =
(Le, M¢) such that

1) MC||P - Lspec;

ii) C is complete for P,

iii) P is complete for C,

iv) P||C is nonblocking
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where Lgpec 1s the specification language for the closed-loop
behavior.

Conditions ii) and iii) require that the supervisor and the
plant be mutually complete. The conditions are symmetric
for the input and output part of the feedback loop between
the controller and the plant.

Theorem 2: The controller synthesis problem has a so-
lution if and only if the language sup C(Mp N Lgpec) is non-
empty.

Proof: (only if) Follows directly from Theorem 1. (if)
Existence of a solution to the supervisor synthesis problem
implies that Ssup of (3) is a solution. But for Ssup, Ls C
Mp and therefore, because of Lemma 1, (6) is satisfied. W

Any supervisor S that solves the supervisor synthesis
problem for P and that satisfies Lg C Mp is a solution to
the controller synthesis problem. If S solves the supervisor
synthesis problem, but Ls ¢ Mp, the controller

C=38||P (7)

is a solution to the controller synthesis problem. This is an
important observation, as it allows the use of the so called
“reduced” supervisors [27] solving the supervisor synthe-
sis problem. These supervisors, in the case of regular plant
and specification languages, have the nice property of being
represented by automata with relatively small state size,
but in general do not satisfy Ly C Mp. Even more impor-
tantly, this observation allows us to use all the modularity-
based techniques discussed in Section III-F for the con-
troller synthesis problem.

V. SUPERVISOR SYNTHESIS

In this section, we describe the off-line synthesis of super-
visors and controllers. For supervisory control to be useful
in practice, the synthesis algorithms must be computation-
ally feasible for practical problems. We demonstrate here
the use of a special data structure that does indeed enable
controller synthesis for real-world applications such as the

RTM.

A. Difficulties

The solution of the supervisor synthesis problem involves
the iterative computation of the controllability fixpoint as
outlined in Section III-D. The straightforward way to do
this involves a brute force enumeration technique that re-
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because of the exponential state-space explosion occurring
in modular systems as shown in Section III-E.

B. Logical Encoding of the Fizpoint Operator

To overcome these difficulties the fixpoint operator is re-
expressed in a logical form. This allows the fixpoint compu-
tation to be performed symbolically, thereby avoiding the
explicit enumeration of states in the global automaton.

First, we need to encode all the relevant information
about the plant and its specification as logical formulas.
We use formulas of boolean propositional logic. Notice
that the transition functions, the initial and final states of a
plant automaton and its specification automaton can each
be given as sets of tuples [28]. For example, the next-state
relation of an automaton can be considered to be the set of
all tuples (q1,0,¢5) € Q x ¥ x @', such that ¢2 € 6(¢q1,0).
The set @' = {q' | ¢ € Q} represents the successor states.
A set of tuples T'C Dy x Dy x --- X D, can in turn be
thought of as a boolean function, namely a mapping from
Dy x Dy X --- x D, to {0,1} that returns 1 if and only
if the tuple is in T'. Furthermore, any nonboolean domain
D can be reencoded as a vector of boolean bits. It fol-
lows then that next-state relations, predicates describing
initial states, final states and uncontrollable events can all
be expressed as boolean functions over boolean domains.

The controllability fixpoint operator € defined in Sec-
tion ITI-D can be re-expressed as follows in terms of boolean
functions describing the plant and specification automata.

Assume the uncontrollable events are expressed as the
boolean formula ¥, over the domain X, and the plant
and specification are given as deterministic finite-state au-
tomata Ap and Agpec With next-state relations and final-
state predicates dp and Fp, and Ospec and Fipec respec-
tively. Let Fpgpec be the predicate Fp A Fypec, i.e., the
final-state predicate over the domain @p X Qspec that re-
turns true if a state is final in both the plant and the spec-
ification. Let 6pspec be 6p A 8spec, the next-state relation
of the product automaton. 6épgpec is a boolean function
over the domain W = Qp x Qspec X X X Qp X Qqpe.- The
combined state from @ x Q... is the state reached from a
state in Q@ p X Qspec for an input from X. If Z is a function
over the same domain, the next-state relation for the least

restrictive controller is the greatest fixpoint of the operator
Q2% — 2% defined as:

UZ) = Opspec(s1,t1,0,52,12) N Z(s1,11,0,50,t2) AVs,t.[ Isa, t3,03.7(s,t,03,53,13) V Z(s3,13,03,5,1) ]

= | [Vo', 8" Zu(c") = [ 6p(s,0',s") = T .Z(s,t,0', s, t)]] A BR(Fpspec, Z)(s,t)

D

quires all discrete states in the system to be considered
individually. This approach, however, is not at all practical

(Im)

BR(Fpspec, Z) is a predicate for the set of tuples that
are backwards reachable from the final states under the
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transitions in Z. It is itself computed as a fixpoint. Intu-
itively, Condition (I) asserts that no string may lead to an
unpermitted uncontrollable event (guaranteeing the safety
property of controllability). Condition (IT) permits only
strings that can successfully be extended to complete ex-
ecutions (a liveness property). The operator Q iteratively
removes events that cause the violation of either of these
two properties. We state the main result as a theorem [28].

Theorem 3: The fixpoint iteration Z;41 := Q(7;) with
Zy = Obpspec effectively computes a boolean function
that symbolically represents the next-state relation of
an automaton for the supremal controllable sublanguage
sup C(Lspec N Mp) of Section III-D.

Proof: This follows from [21, proposition 5.1], which
states that € is effectively computable if the languages are
regular. The representation of € in terms of logical formu-
las as described above is a re-expression of Q. |

C. An Efficient Data Structure: The Binary Decision Di-
agram

In order to gain efficiency as a result of using a logical
fixpoint operator, it must be possible to store and manip-
ulate propositional logic expressions with significantly less
computation than an explicit representation. The repre-
sentation of the logical expression we choose is based on
a special compact data structure known as Binary Deci-
sion Diagram (BDD) [29]. Binary decision diagrams have
been shown to be an efficient way to encode boolean func-
tions [29], [30].

They are essentially binary decision trees with the added
restriction that the order of decisions respects a fixed or-
dering. The decision tree is represented by an acyclic
directed graph. Fig. 3 shows a BDD for the function
f = (21Vaa) A (23V24). The value of the function for
a particular variable assignment can be read by following a
path in the tree from the root to a leaf. Each internal node
is labeled with a boolean variable. At each node the path
follows the branch that corresponds to the value of that
variable in the variable assignment. In the example shown
above, the variable assignment (21=0, zs=1, z3=1, 24=1)
leads to a leaf marked 1, indicating that f is true under this
variable assignment. The operations of logical AND, OR,
NOT, and existential quantification can all be performed
on BDD’s in polynomial time.

The main advantage of using BDD’s to represent boolean
functions is that they are often far smaller than an explicit
truth table representation. This fact can lead in practice to
greatly improved performance but does not alter the expo-
nential worst-case complexity per se. Research in the field
of formal finite-state verification has shown that BDD’s can
be used to dramatically extend the capability of traditional
explicit algorithms [6], [30].

VI. MODELING PRINCIPLES

A. Plant Model Refinement

In this subsection we present a methodology for obtain-
ing an input-output model for a plant component.
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Z4 1

0 1

Fig. 3. BDD for the boolean function (z1 V z2) A (z3 V z4).

A.1 Logical Plant versus Physical Plant

The plant is not readily available as a logical plant model.
It needs to be brought from a physical level where we deal
with voltages and bits to a logical level that is suitable for
a behavioral language specification.

We first describe the role of the interface used to map
the physical plant with its hardware, sensor and actuator
routines into the logical plant. The interface extracts in-
formation from the whole behavior of the system and for-
wards 1t in the form of a response to its output channel.
In the other direction, the interface receives the commands
from its input channel; it interprets them, and performs on
the system the operations corresponding to the information
contained in them.

The interface is therefore responsible for providing the
supervisor with the necessary information and enforcing
the commands received from the supervisor.

Information Extraction

We remind the reader that the description of the behav-
ior of the system at a logical level of abstraction is given by
languages whose alphabet is composed of commands and
responses. While the commands originate from the super-
visor, the responses report qualitative changes occurring in
the system or system messages.

Most responses are extracted from the system directly
or indirectly by sensors.

o Fvent Sensors:  Physical system configuration
changes are sensed directly. This requires sensors detecting
changes; those sensor changes are converted to messages
which are directly forwarded to the plant output. As an
example, the pushing of a button is directly sensed as an
event.

o Discrete State Sensors: The interface has access to
discrete configuration states. After a state change is de-
tected, the response symbol between the previous and the
current state is determined. As an example, the config-
uration state of a gas valve (see Fig. 5) is polled in reg-
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ular intervals. Then, if the configuration state just read
is valve_open and one previously read was valve closed,
the state change is converted into a response symbol cor-
responding to the closing of the valve.

o Continuous State Sensors: The interface monitors a
number of continuous states and maps them to a discrete
state set. This state set is chosen such as to provide enough
information for supervisory specification and control. By
detecting transitions between those discrete states, the re-
sponse symbols are generated. As an example, consider
the mapping of a temperature sensor reading to the dis-
crete states cold, processing temperature, and hot.

Besides responses that correspond to physical configuration
changes, also a number of responses are produced by the
interface software.

o Software Messages: Such messages report on the
status of the software. As an example, one may think of
the report of a soft failure (e.g., triggered by a timeout) by
a fa:il response.

Action Enforcement

The interface is also responsible for interpreting the com-
mands and acting on the physical system, in accordance
with the information contained in the commands.

A command could just require the call of a routine that
performs some desirable configuration changes. However,
it could also communicate to the physical plant how a con-
tinuous subsystem should evolve. It may determine a set-
point or a continuous trajectory to be followed, or carry
information about which continuous controller for a con-
trol module should be used. We can therefore distinguish
the following cases for the actions caused by a command.

o Discrete Actions: Most commands activate directly
a discrete state change in the system hardware. For in-
stance, the command c_open_valve causes the valve to
pass from the state valve_closed to the state valve_open.

o Continuous Actions: The commands given to the in-
terface often carry implicitly continuous attributes and ini-
tiate a continuous control action. As an example, the com-
mand “heat the wafer to the maximal temperature” causes
the temperature control subsystem to control the temper-
ature of the wafer at the maximal operating temperature.

o Changes in Software Frecution: Commands can also
influence the execution of a program by pure software in-
structions without directly affecting the hardware. Such
a command could start a timer or substitute the control
algorithm for the temperature subsystem with a different
algorithm.

A.2 Plant Model Construction

The task of modeling a component can be decomposed
into three parts. While not all processes are easily mod-
eled using this methodology, the steps described below have
proven to be helpful for modeling the RTM, and are general
enough to be of widespread practicality. The main idea is
to form the hierarchical combination of a fundamental pro-
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cess and some routines corresponding to events occurring
in the actuating and sensing processes.

Step 1) Model the high-level behavior of the plant.
This results in the description of a fundamental process
= that best matches the structure of the system to be con-
trolled.

Step 2) Design alogical interface to the physical plant,
starting from the fundamental process Z. This consists of
choosing low-level routines ¥; that interact with the phys-
ical system, described by the actuating and sensing pro-
cesses.

Step 3) Compose the description of the fundamental
process with the above routines.

The fundamental process = = (L=, Mz) with alphabet
Y= C ¥ models the qualitative changes that can occur in
the system under consideration. It can be thought of as the
fundamental behavior that is consistent with the physical
equipment to be controlled. It represents the most abstract
view of the system, because low-level information about the
events not in Y= is excluded.

At a more detailed level of modeling, each event in the
fundamental process corresponds to a sequence of events
taking place in the actuating and sensing processes. These
underlying sequences of events are modeled as separate pro-
cesses or subroutines, ¥; = (L;, M;), 1 < i < p. Note
that the languages M; are not necessarily prefix-closed, i.e.,
M; C L;.

Finally the plant process P = (Lp, Mp) is constructed
by taking

Lp = del(E — EE)_l(ME) N [Ml UMyU... U Mp]*
(8)

and Mp C Lp. The symbol * stands for the extension of
the Kleene closure to languages.

The construction procedure for the gas valve is now il-
lustrated. The complete alphabets of commands and re-
sponses that are modeled are

Y ={r_valve failed, r_valve opened, r valve closed}

Y ,={c_open_valve, c_close_valve, c_repair_valve}.

We adopt the convention that the transition labels start-

ing with “c” and “r_” denote commands and responses re-

spectively. First, the fundamental process for the gas valve
is modeled by an automaton over the alphabet

Y= = {r_valve_opened, r_valve_closed,

r_valve failed, c_repair_valve}.

The automaton is shown in Fig. 4. The only marked
state 1s the initial state, the marked language Mz is

Mz = {((r—valve_opened.r valve closed)

+(r_valve failed.c repair valve))*}
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\ valve closed

r_valve_opened

r_valve failed

crepair_valve

r_valve_closed

o O

valve failed valve_ open

Fig. 4. Automaton model of the fundamental valve process.

and L=z = M=z. Second, the sensing and actuating pro-
cesses W, are given by the languages

M, = {c_open_valve.(r_valve_opened
+r_valve failed)}

M; = {cclosevalve.rvalveclosed}

Ms = {crepair_valve}

and L; = M;. The sequences in M correspond to sensors
that indicate whether the command to open the valve is
successful or not. The strings in Ms and Mz are more
detailed descriptions of sequences of events corresponding
to closing and repairing the valve.

Third, intersecting the languages as in (8) yields the com-
plete input-output plant model of Fig. 5. Only the initial
state of the automaton is marked.

Mp = { (c_open_valve.
(r_valve opened.c_close valve.r valve closed

+r_valve failed.c repair valve))* }
and Lp = Mp.
B. Controller Model Refinement

Here we describe a methodology to obtain a reactive logic
sequencing controller from its specification.

B.1 Generic Control Program Structure

We propose combining the disabling supervisor seman-
tics as reviewed in Section III with the controller seman-
tics introduced in Section IV. The proposed generic con-
trol structure for the input-output plant is composed of
two different control entities [16]. This two-tiered control
structure is illustrated in Fig. 6.

The goal is to design a global controller C’ that meets
a behavioral specification Lgpec. This global controller is
composed of an active scheduling controller C' and a passive
disabling supervisor S.

While the controller C' generates commands for the
plant, the supervisor S can only disable commands that
emanate from the controller via a synchronization mecha-
nism that is described below; it cannot generate events of
its own. In the proposed control structure the supervisor
can be regarded as a dynamic filter for the commands from
the controller.
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©) c_open_valve c_closevalve

valve failed
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r_valve failed

r_valve_opened
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Fig. 5. Automaton model for the gas valve.

l task
CONTROLLER C
c’ command | requests
SUPERVISOR S :
responses commands
INTERFACE
g
P
SUBS1 | SUBS2 | SUBS3

Fig. 6. Generic scheme for the control of a discrete event system.

The supervisor-plant pair P||S is seen by the controller
as a new reactive plant, accepting commands and gener-
ating responses. The controller has the capability of ac-
tively driving the plant P||S to a desired state, while the
supervisor S passively prevents the plant P||S from enter-
ing undesired states. Note that without loss of generality,
the controller can be a human operator sending commands
according to an observed status display.

B.2 Operational Requirements

The separation of the control unit into a controller ac-
tively scheduling commands for the plant and a supervisor
dynamically allowing only certain commands to be sched-
uled by the controller can be explained from an on-line
operation perspective. In fact, we are interested in the dis-
tinction between manual and automatic control.
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o Manual Control: A system must be accessible for
manual control for various reasons. This requires the pos-
sibility of giving a command to the equipment and having
the command checked for consistency with operational and
safety constraints that must always be enforced. Clearly,
this is possible only if a human operator can bypass the
controller and can access directly the supervisor. In this
case, a user can operate the system and be sure not to vio-
late the operational constraints. The supervisor plays the
role of an intelligent nterlock system.

o Automatic Control: When the system is in auto-
matic control mode, the controller and the supervisor to-
gether autonomously control the manufacturing process
without user intervention. They form an active schedul-
ing unit for automatic task completion.

B.3 Implicit and Explicit Specifications

The separation into two distinct control units is also jus-
tified by a separation of the behavioral specifications for
the closed-loop system. We distinguish between different
classes of specifications; this will be discussed in some detail
as it 1s relevant for both synthesis and implementation. A
manufacturing task specification (called recipe in the semi-
conductor manufacturing context) typically consists of two
parts. Some specifications are task-specific or ezplicit while
others that are equipment-specific and do not relate to a
particular task are implicit. The implicit specifications are
enforced by the supervisor, while the explicit specifications
are enforced by the controller.

Implicit Specifications: These specifications are typi-
cally equipment-related and task-independent. Therefore,
they must always be met throughout operation of the plant.
The supervisor’s enforcement of these specifications re-
stricts the choice of commands made available to the con-
troller. These specifications do not require the plant to be
actively driven to terminate a desired event sequence. We
shall restrict ourselves to the following predominant cate-
gories of implicit specifications.

a) Safety Specifications: Formally, a specification lan-
guage Lgpec is a safety specification for the plant P if
both Mp and Lgpe. are prefix-closed. Intuitively, such a
specification only prevents the plant from doing certain se-
quences; 1t does not enforce the termination of particular
sequences.

b) Fundamental Liveness Specifications: A fundamental
liveness specification is one that enforces a repetitive be-
havior, i.e., a specification Lgpec is a fundamental liveness
specification if L{ .. C Lspec. Intuitively, any tolerable be-
havior must be repeatable an arbitrary number of times. A
fundamental liveness specification can specify that the ini-
tial system configuration should always be reachable. Such
a specification can be modeled by a strongly connected au-
tomaton A such that its final state set F'4 contains only
the initial state qg.

Ezxplicit Specifications: These specifications are typi-
cally task-specific. Their enforcement by the controller re-
quires commands to be actively sent to the plant in order
to accomplish the desired task, i.e., in order to complete
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a marked sequence. Explicit specifications are subdivided
into:

a) Implicit Specifications.

b) General Liveness Specifications.

General liveness specifications encompass all possible
liveness specifications given for the plant; they are not
necessarily prefix-closed nor fundamental liveness specifica-
tions. In particular, this category contains all those specifi-
cations that require the active termination of certain logical
sequences.

The distinction between active, explicit (embodied by
L) and passive, implicit (nggg) constraints on the
closed-loop behavior naturally motivates the proposed two-
tiered control structure. The global specification is Lepec =
Limpl N Lexpl )

spec spec

B.4 Control Program Design Methodology

Based on the previous discussion, we shall now describe

a general purpose methodology for a valid control structure
synthesis.

Step 1) Form the global plant P = Py||Pa|---||Pa
from the modular plant components.

Step 2) Solve the supervisor synthesis problem for the
plant P and the implicit specification L;‘;‘gcl to obtain S’.
A solution is the least restrictive supervisor

S" = (supC(Mp N Llsrggg), sup C(Mp N L;fgg(}))
Compose S’ with a copy of the plant to obtain S = P||S’.
This makes sure that the controller-supervisor pair S||C
and the plant P are mutually complete for all choices of C'.

Step 3) Solve the controller synthesis problem for the
plant P and the ezplicit specification Lse;)(epi to obtain C. A
solution is the least restrictive controller

C = (supC(MpnN LS;;E}:), sup C(Mp N LSI’;E}:))
Step 4) The complete discrete event control structure
is obtained as the composition C' = S||C (see Fig. 6).

The control program modeled by C’ = S||C satisfies the
specification Lgpec = ng‘é’cl nggg}, Moreover, if the marked
languages of the controller and the supervisor are non-
conflicting, C’ solves also the controller synthesis problem
for the plant P and the specification Lspec = Lisrg‘é’(} N LExpL.

For the particular case where nggé C Li;ggcl, i.e., if the
controller C' enforces both implicit and explicit specifica-
tions, C' = S||C = C. The supervisor S is superfluous for
this particular assumption. The commands generated by
C are always accepted by the supervisor S.

If an arbitrary controller C' (which can be modeled as a
(complete) random generator of commands C' = (X*, ©*))
is picked, i.e., Step 3) is bypassed, the combined structure
S||C only satisfies the implicit specification Li;;gg. This is
typically the case if the controller is a human operator.

B.5 Separation Benefits for Synthesis

From a synthesis standpoint, the partition into two su-
pervisors results in practice in a reduced computational ef-
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fort. As the implicit specifications are typically more mod-
ular than the explicit specifications, it makes sense to syn-
thesize the control structure separately, possibly exploiting
fast modular techniques which may not be applicable for
the controller (see Section III-F). Some of the more com-
mon specification structures that allow a modular design
are now briefly mentioned.

o Modularity of Safety Specifications: The prefix-
closedness of safety specifications is a sufficient condition
for a straightforward modular supervisor synthesis.

o Modularity of Local Specifications: Another a pri-
ort condition on specification languages that allows for
straightforward modular synthesis is the localness of spec-
ification languages with disjoint alphabets. Clearly this
condition applies to both safety and liveness specifications.

o Modularity of General Liveness Specifications: Here
the practical benefits of incremental synthesis apply. Al-
ternatively, the minimally restrictive “noninner-blocking
modular supervisors” can be obtained [24].

The explicit specification is typically not as modular as
the implicit specification. Also, the fact that the controller
is particular to the task to be performed makes modular
design less attractive. In fact, one of the advantages of
modular design is the easy maintenance and update of su-
pervisors, when only a small part of the specification is
changed.

The following practical reason for the separation into two
clearly distinct units is valid from both an on-line operation
and an off-line synthesis standpoint.

o Possible Use of Incomplete Controllers: A heuristic
supervisor design does not necessarily yield a valid solution
to the controller synthesis problem. A heuristic that does
not explore the entire state space is beneficial for both the
synthesis effort as well as the on-line storage needs.

Note that the choice of an incomplete controller C', if
it is not a solution to the controller synthesis problem
with LEXPL [Step 3], implies that also C||S is not necessar-
ily a solution to the problem with specification language
LS;E(I: N Lisrg‘gg. However, in such a case, we want at least
to make C||S complete for the plant P. Assume that
the supervisor S is the solution to a supervisor synthe-
sis problem. In order to guarantee that also C||S is com-
plete for the plant, it is sufficient, because of Proposition 1,
that C' be made complete for the plant such as to satisfy
condition (2). In particular, we extend C' = (L¢, Mc¢)
to Cext = (L., Le.,) = (Le Xh, Me). Then, any
s € Le,,, \ Lo is considered to be a failure of the con-
troller. The partial executions of the closed-loop system

are guaranteed to be contained in Llsrg‘gcl.

B.6 Synchronization Issues

To conclude the control structure discussion, we briefly
describe how the synchronization between the different pro-
cesses of plant, controller and supervisor is affected by the
partition of the control unit into supervisor and controller.
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The completeness specification (2) on the control unit
C' = C||S as a whole, implies that every response com-
ing from the plant P can be accepted by both processes S
and C. The full synchronization that is usually assumed
between communicating processes can be replaced by a pri-
oritized synchronization, in which P produces a response
and S and C have to comply with P’s request. The dual
completeness specification (6) allows the same to be done
for the exchange of commands between the supervisor and
the plant.

The composition of processes in the plant P but also in
the control unit, and in particular the composition between
C and S however cannot rely on a prioritized synchroniza-
tion but requires full synchronization. The synchronization
between the controller and the supervisor is performed as
follows. C', the controller, initiates a command by send-
ing a command request. The actual command can occur
only if the synchronization of C' with S is successful. If
the command request is validated, the actual command is
transmitted via an unbuffered message exchange to both
P and C'. If the synchronization fails, the controller C' is
notified by a special synchronization failure message. Note
that this is an unmodeled event from a synthesis perspec-
tive.

Clearly, our synthesis model is based on two assump-
tions. First, it is assumed that the synchronizations are
mutually exclusive, i.e., the exchange of messages between
processes is supposed to be instantaneous. Second, there
is an assumption of unbuffered message exchange between
processes. If we assume delays in the communication of
plant to supervisor, and of commands from supervisor to
plant, the supervisory control model needs to be refined.
A more detailed treatment of these issues was done in [31].

VII. SAMPLE MANUFACTURING RECIPES

First, we present a very short illustrative example for a
plant constructed from the Rapid Thermal Multiprocessor
(RTM) and the supervisor and controller resulting from
three simple specifications. Second, we show a realistic
sample specification for a typical manufacturing task.

A. IHlustrative Example

The RTM consists of a small chamber with a collection of
processing equipment such as gas valves, pressure sensors
and halogen processing lamps attached to it. The chamber
is loaded through a small door. For the small logic control
example under consideration, we study the interaction of
that door with a gas valve.

The two automata models for the door and valve pro-
cesses Pyoor and Pyave considered for this example are
shown in Figs. 5 and 7. Their respective alphabets are

Ydoor = {c_open_door, c_close_door,
r_door opened, r_door_closed}

Yalve = {c_open_valve, c_close_valve, c_repair_

valve, rvalve failed, r_valve opened}.
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closing.door

c_close_door r_door_closed

door_open O door_closed

r_door_opened c_open_door

opening_door

Fig. 7. Automata model for the door.

The complete alphabet of the plant P = Pagor|| Pralve is & =
YdoorUYvalve. The initial states are door_open for the door
and valve_closed for the valve. The only marked states
are the initial states. The first basic implicit specification
for this plant is thus the following.

o Implicit Specification 1: Fundamental Liveness. All
components must be returned to their initial states.

Note that this specification is inherent to the plant
model. It is part of the plant model and specified a prior:.

For the plant P composed of the door and gas valve, we
first illustrate how to enforce the following safety constraint
by an appropriate implicit supervisor.

o Implicit Specification 2: Gas and Door Mutual Ex-
clusion. The door and the gas valve must not be open at
the same time.

A possible supervisor S’ over the alphabet ¥/ C ¥

Y = {c.open_valve, r_valve closed,

c_repair_valve, c_open_door, r_door_closed}

which enforces the previous two constraints is shown in
Fig. 8. If this supervisor is composed with an arbitrary con-
troller C' = (¥*,X*) the global controller C' = C||S does
not solve the controller synthesis problem for the safety
specifications because the plant is not complete for this su-
pervisor. However, by applying relation (7), a supervisor
S such that the plant is complete for C||S is obtained as
S = S5'||Paoor|| Prarve- We show later how the composition
of the processes S’, Pyoor and Pyyive 1s performed on-line
in the implementation.

Intuitively, the supervisor S’ allows the command
c_open_valve only if the door is closed and the com-
mand c_open_door has not yet been given. If the com-
mand c_open_door has been sent to the plant, the com-
mand c_open_valve cannot be executed until the response
r_door closed, signaling that the door has closed, is
recorded. A controller or human operator working in con-
junction with the supervisor can at most realize the largest
behavior that is consistent with the safety constraint stated
above.

To conclude the example, we consider a liveness specifi-
cation for the closed-loop behavior of the plant. Assume
that a wafer is to be inserted in the chamber without being
contaminated. To achieve this, the chamber is filled with
an inert gas. The following recipe expresses this specifica-
tion.

o Ezplicit Specification 1: Short Recipe.
gas into the chamber, then open the door.

Enter inert
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r_valve_closed

r_door_closed c_repair_valve

c_open_door c_open_valve

Fig. 8. Supervisor candidate.

The automaton for this specification language over the
subalphabet

¥ = {r valve opened, r door opened}

is shown in Fig. 9. A controller C' for this specification
is shown in Fig. 10. The supervisor S and the controller
C' for this example have nonconflicting marked languages
and thus their composition forms a nonblocking global con-
troller. Moreover, we remark that C||S = C, and therefore
C enforces all discussed specifications. This implies that
the behavior of C' is fully consistent with S. More supervi-
sors for additional specifications can be designed in a mod-
ular fashion as described in Section ITI-F. The supervisor
and controller are formed as the composition of modular
supervisors that match those modular specifications.

The controller works as follows. Starting in the initial
state, it sends the command c_open_door, waits to read
the response r_door_opened, sends the next command and
so on until it reaches the final marked state.

B. Model of Ozide Growth Recipe

We now describe in some detail a typical, larger man-
ufacturing specification for the RTM; in the semiconduc-
tor manufacturing community, such a specification is called
“recipe.” The components are outlined and the implicit
and explicit parts of an oxide growth recipe are discussed.
In Section V, we give some results from the automatic syn-
thesis of a controller for this example. It will be clear from
a state-space analysis that a manual design may prove dif-
ficult and prone to errors.

A typical manufacturing process for the RTM consists
of growing oxide on a silicon wafer. The wafer is inserted
into the processing chamber. Before oxide is grown, the
wafer needs to be cleaned from spurious traces of oxide
that inevitably appear in the ambient environment. This
is performed under a flow of hydrogen. After being cleaned
the wafer is exposed to oxygen which causes oxide to grow
on the surface of the wafer. Cleaning and coating the wafer
both occur at well-determined temperatures. After clean-
ing and before oxidation, the wafer is often exposed to ni-
trogen, an inert gas, to stabilize the environment.

The relevant equipment components that participate in
the oxide growth are three gas valves (hydrogen, nitrogen
and oxygen), the chamber door, two continuous-type con-
trol elements (temperature and pressure controller) and a
pump-purge mechanism.
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r_door_opened r_valve_opened

r_valve_opened r_door_opened

N

Fig. 9. Explicit liveness specification language.
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c_close_door

c_repair_valve r-door-closed

—

Q c_open_valve

~

r_valve failed r_valve_open

c_close_valve
r_valve_closed
c_open_door

r_door_opened

©)
Fig. 10. Controller.

Each of the three gas valves is similar to the valve already
described in Sections VI and VII. Also, the door model is
identical to the one in Fig. 7.

The model of the temperature control subsystem incor-
porates, as states, the various discretized temperatures of
the wafer, as well as a disabled state to indicate the in-
activity of the temperature control. For the pressure con-
troller component a similar model holds. However, this
latter component is somewhat more complex as it takes
into account that gas pressure cannot increase unless one
of the gas valves is open. The complete models of these
two components and also of the pump-purge mechanism
are not presented in this paper as they are analogous in
nature to those previously discussed.

For the control of the plant, we also explicitly include in
the plant a model of the wafer surface. After the wafer is
exposed to hydrogen at the correct temperature for a cer-
tain time, the response wf_r_clean generated by an (un-
modeled) timeout notifies the controller that the wafer is
clean. Analogously, the response wf_r_coated tells the con-
troller that the wafer is coated with oxide. The model
shares events with both the gas valves and the heating unit.
However, the model is independent of the behavior of the
pressure controller.

Throughout system operation, the following implicit
safety constraints must be enforced.
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o Implicit Specification 1: Gas Mutual Frclusion. No
more than one gas must be in the chamber. A chamber
flush must be performed between gases.

o Implicit Specification 2: Fzxclusive Operation of
Flush Pump. The gas flow controller element as well as all
the gases must be shut off when the chamber is flushed.

o Implicit Specification 3: Door Closed. 1If the door
is open, no action other than the closing of the door is
permitted.

The following implicit fundamental liveness specification
must also be respected. After processing, the participating
components must be returned to their initial state.

o Implicit Specification 4: Fundamental Liveness.
Reset the components (except for the wafer surface) to
their initial states.

In addition to these generic constraints, the follow-
ing recipe-specific explicit liveness constraint governs the
oxide-growth process.

o Ezplicit Specification 1: Recipe.
a) Bring the chamber pressure to 300 mTorr.
b) Clean the wafer.
¢) Bring the chamber pressure to 1 Torr.
d) Grow oxide on the wafer.

The interpretation of the recipe is as follows. While the
cleaning of the wafer can physically occur at different pres-
sures, this recipe requires the pressure to be maintained at
300 mTorr throughout the cleaning process. This is done
in steps a) and b). We remark that the wafer surface model
asserts that cleaning only takes place if there is hydrogen
in the chamber and the temperature is at the correct level.
Such low-level details need not appear explicitly in this
recipe. The only information relevant to the recipe is that
the wafer is cleaned at the appropriate pressure. Steps c)
and d) are interpreted in the same way. It should be clear
from this example that care must be taken in accurately
modeling a specification.

A schematic table showing the state size of the automata
representing plant and specification is given in Fig. 14.

VIII. SUPERVISORY CONTROL SOFTWARE REALIZATION

In this section, we discuss the actual on-line implemen-
tation of the supervisory control software [16]. In essence,
it bases itself on the principles presented in the previous
sections. In contrast to that general discussion however,
it discusses more application-specific as well as software-
engineering related, practical issues.

A. Implementation Hierarchy

A complete block diagram of the control software can
be seen in Fig. 11. The implementation hierarchy consists
of four distinguishable levels. The lowest level incorpo-
rates the equipment drivers; the level above is the com-
mand/response interpreter. These two levels form the im-
plementation of the interface that maps the physical plant
to the logical plant whose behavior is to be specified and
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Fig. 11. Implementation scheme of the RTM control software.

controlled in the supervisory control framework. The high-
est and second-highest levels of the hierarchical implemen-
tation are the controller and supervisor. They form the
implementation of the control unit.

B. Hardware and Software Tools

The control hardware equipment consists of a SUN
Sparcstation host computer networked to two Mo-
torola 68030 single-board-computer cards (SBC’s). The
host computer runs UNIX, while the SBC’s run Vx-
Works [32], a UNIX-like real-time multitasking operat-
ing system from Wind River Systems, Inc. The SBC’s are
mounted in a VME chassis together with an ethernet card.
High bandwidth sensors and actuators are driven by analog
and digital driver boards plugged into the VME chassis.
To reduce the wiring required, low bandwidth sensors and
actuators are connected through distributed I/O networks
which extend from the VME chassis.

All programs are written in C. Both the UNIX and the
VxWorks software processes are compiled on the work-
station. All software processes communicate via TCP /IP
sockets over ethernet. A different compilation of the C code
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of the VxWorks software processes enables the simulation
and testing of the equipment drivers as UNIX processes
running on the host.

C. Logical Plant versus Physical Plant

The implementation of the interface on the RTM control
equipment is physically divided into two parts. One part
runs on the host computer and the other one on the real-
time SBC’s.

The implementation of the interface i1s also functionally
divided into two parts; the command/response interpreter
and the equipment drivers.

Command/Response Interpreter

The main function of the command and response in-
terpreter is to act as an interface between the equipment
drivers and the supervisor. On one side, it must supply
to the supervisor logical responses that reflect the informa-
tion provided by the drivers. On the other side, it converts
commands from the supervisor into lower-level commands
for the equipment drivers.

Information that comes from the drivers falls into the
four categories discussed in Section VI-A.1; event symbols,
discrete state changes, continuous state changes and sofi-
ware messages.

Response symbols or software message generated at the
SBC level are directly forwarded to the supervisor by the
host side of the command/response interpreter.

For discrete or continuous state changes however, state-
sensor tasks on the SBC signal that the hardware is in an-
other state. The host side of the command /response inter-
preter then generates the corresponding response symbol
by using a stored model of the fundamental plant compo-
nent process as described in Section VI-A.2.

The command interpretation mainly consists of trans-
lating commands into the call of actuating routines. After
having read a command symbol, the SBC part of the inter-
preter executes equipment driver routines corresponding to
the received command.

The command/response interpreter roughly implements
the sensing and actuating behavior described in Section VI-
A.1. Tt is added on top of the fundamental behavior that
is closely implemented by the equipment drivers discussed
below.

Equipment Drivers

The main function of the equipment drivers is to provide
a set of very low-level routines that directly interact with
the hardware. These routines are started by the commands
from the command/response interpreter, and, during their
execution, they provide the command/response interpreter
with messages. The drivers also monitor the physical plant
and produce messages, e.g., regarding a new state, to be
forwarded to the command/response interpreter.

The majority of the equipment drivers are tasks running
on the SBC’s which interact with the distributed /0 sys-
tems. Some drivers are straightforward, simply converting
commands into the set of register manipulations and serial-
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interface communications needed to turn on actuators, e.g.,
opening a valve. Others are more indirect, like the drivers
responsible for real-time dynamic control of some continu-
ous subsystem, e.g., temperature controllers.

D. Supervisor/Coniroller Implementation

As with all the previously discussed software modules,
the supervisor and controller are implemented as programs
written in C. However, the behavior of the two programs
is not “hard-coded” in C, but easily adaptable through
configuration files. These files contain automata describing
the supervisor process.

Supervisor

The program implementing the supervisor is configured
to behave as the synthesized supervisor by reading au-
tomata representing the modular (and possibly local) su-
pervisors and the automata representing the plant model
of the different subsystems.

The local supervisor that enforces the implicit specifica-
tion for the combined behavior of the valve and the door
as discussed in Section VII is shown in file form in Fig. 12.

As already explained in the example in Section VII, the
modular (and possibly local) supervisors and the subplant
processes need to be composed in order to solve the con-
troller synthesis problem for the whole plant. Composing
the modular components into a single automata for the en-
tire plant would lead to a very large plant representation.
Instead, the states of each component are updated on-line
without explicitly having to compose all the modular pro-
cesses into a single automaton. This procedure allows for
modular storage of the plant components.

The following describes how this on-line process compo-
sition is implemented. When the supervisor is initialized,
a linked list is constructed as a cross-referencing index for
every event. The list contains a pointer to all the automata
whose alphabet contains the event.

For a command proposed to the command input of the
supervisor, the supervisor program checks if the command
symbol can be accepted by all the automata whose alpha-
bet contains the proposed command. If this is the case,
these automata will undergo the transition corresponding
to the command. The command is then immediately for-
warded to the command/response interpreter, and because
the plant is complete for the supervisor we know that the
command is accepted by the plant during the next message
exchange.

Note that for simplicity, we assume that the supervi-
sor and the plant operate in a lock-step mode, i.e., that
the command and response synchronization procedures are
mutually exclusive and instantaneously executed. This
synchronization is somewhat artificial; see [31] for a discus-
sion of how to model communication delays and nonzero
synchronization times.

The supervisor program also accepts all the responses
produced by the command/response interpreter and per-
forms an operation similar to the one just described. For
any response given by the logical plant, it goes through
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# next state relation of supervisor
# format: state event next_state
# starts with initial state, initial state is final

donot_openvalve r_doorclosed safe

safe c_open_valve donot_open_door
safe c_open_door donot_open_valve
donot_open_door r_valveclosed safe

do not_open_door c_repair_valve safe

Fig. 12. Safety constraint supervisor file.

the corresponding linked list of automata models for plant
components and modular supervisors and triggers, from
the current state of each such automaton, the transition
corresponding to the response. In fact, because the supervi-
sor is complete for the generated responses, every response
sent by the interface will be accepted by all the automata
containing the response symbol in their alphabet.

The supervisor program receives commands either from
the controller implementation or from a manual interaction
window for the user. The interaction window lists the com-
mands that can be accepted by the supervisor at its current
state. The window is constantly updated if the supervisor
state changes. The update is performed by checking for
every command if it can be accepted in the supervisor by
all automata whose alphabet contains the command. If
a command can be accepted, a button labeled with the
command will appear on the window, and clicking on the
button with the mouse will send the command to the plant.

Fig. 13 shows a dump of the workstation screen used in
the manual control of the RTM with the interaction window
of the supervisor; it shows the history of previous responses
and commands, the states of the modular supervisors and
plant components as well as the commands currently al-
lowed by the supervisor.

Controller

Just like the supervisor, the controller implementation is
configurable with files. The program reads a collection of
automata, describing the synthesized controller for a spe-
cific task. When a task is completed, a new set of files is
read for the next task.

The controller, as already described in Section VI-B,
synchronizes with the supervisor for the commands it pro-
duces. This is performed by forwarding commands to the
supervisor which either accepts or refuses the command.
In the first case, the command is forwarded to the plant,
in the latter case, the controller switches to a global failure
state. The system is left in manual mode.

As the controller is complete for the responses of the
plant, it accepts all responses from the plant and updates
its internal state accordingly.

Ideally, the commands produced by the controller are al-
ways accepted by the supervisor. This is true when the
implicit constraints are a subset of the explicit constraints
as discussed in Section VI-B. If this requirement is met, the
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Fig. 13. Screen dump showing the supervisor interaction window.

command synchronization procedure never fails. However,
the controller may fail if it does not meet this requirement,
e.g., due to an incomplete design. The combined super-
visor/controller, however, is always guaranteed to meet at
least the implicit constraints.

IX. IMPLEMENTATION OF SYNTHESIS SOFTWARE

Consider the example of subsection VII-B. To illustrate
the complexity of this typical synthesis problem, Fig. 14
gives a state-space breakdown of the considered modules.

It is in fact not necessary to consider all possible states,
only the reachable ones. However, a reachability analysis
shows that there are still about 1.3 x 10° reachable states.
The program implemented supervisor for this problem [28].

A. Implementation and User Interface

The synthesis program consists of a toolbox collection of
routines built on top of the Ver package designed and im-
plemented by David Dill, Andreas Drexler, and Alan Hu,
for finite-state verification using BDD’s. Their implemen-
tation uses Brace, Rudell, and Bryant’s package for BDD
manipulation [33].
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Plant Components Nr. States
temperature controller 8
pressure controller 24
flush pump 4
Ho valve 5
N5 valve 5
0, valve 5
door 3
wafer surface 8
Maximum Total 2.3 x 10°
Specifications Nr. States
implicit 1 3
implicit 2 6
implicit 3 2
implicit 4 -
explicit 1 5
Maximum Total 180
Potential State Space 4.2 x 108

Fig. 14. State-space breakdown for oxide growth example.

The Ver kernel provides an interactive environment for
entering low-level commands for creating and manipulat-
ing BDD’s. The synthesis toolbox adds process operators
such as parallel composition of modules, and a routine that
finds the least restrictive controller via the fixpoint compu-
tations described above. It also incorporates useful BDD
inspection routines.

All variables in the system are boolean. It is undesirably
tedious to have to express process descriptions and their
specifications by means of their boolean encodings. Thus
there is also a macro preprocessor that deals automatically
with managing boolean variables, thereby allowing the user
to reason at the level of an automaton’s states, events, and
transition relation.

Furthermore, a graphical editor for finite-state automata
is being developed as a front end to the macro preprocessor.
A sample screen view of the editor is shown in Fig. 15. A
table describing the synthesis procedure is shown in Fig. 16.

The synthesis program is used to find a BDD for the
next-state relation of the least restrictive supervisory con-
troller. Since the program deals internally with BDD’s; its
most primitive form of output is the raw form of a BDD,
i.e., an acyclic directed graph. However, there are more
friendly means to obtain information from BDD’s. The
BDD inspection routines can output a list of outgoing tran-
sitions from any given automaton state, and simulate an
automaton moving from one state to the next.

B. Results

The results given here relate to the Rapid Thermal Mul-
tiprocessor plant described in subsection VII-B [28]. The
synthesis of a controller for the plant’s implicit specifica-
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Fig. 16. Block diagram of the synthesis program.

tions takes only 160 seconds using 4.4 MB of memory on
a DECstation 3100. However, when the explicit liveness
specification is included finding a controller takes 1234 sec-
onds and 7.8 MB. The increased complexity of synthesiz-
ing controllers for general liveness specifications is clearly
demonstrated here.

In both instances the state-space of the explicit automata
representations is greater than 106. Tt is clear that a syn-
thesis algorithm using directly a representation based on
automata would be impractical. However, this example
successfully terminates using symbolic boolean encoding.
We conclude that the BDD-encoding can make the syn-
thesis procedure of supervisory control theory feasible for
realistic applications.
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X. CONCLUSION

In this paper, we presented an application of supervisory
control theory to the control of a Rapid Thermal Multipro-
Cessor.

We interpreted the supervisory control theory framework
from an input-output perspective. The plant is modeled
as an input-output process accepting commands as inputs,
and producing as outputs messages regarding changes that
occurred in the system. A controller for the system has
been described in a similar way, accepting the outputs of
the plant, and in turn producing commands. Under these
semantics both the controller and the plant form the “gen-
erating” process in the closed-loop systems. This is in con-
trast to the original semantics of the Ramadge and Won-
ham framework where the plant alone is the “generator.”

Based on these observations, a generic control scheme
that is applicable to all sorts of manufacturing systems
was developed. Its main feature is the separation of su-
pervision and control into two distinct levels. At the su-
pervision level, the implicit recipe specifications (such as
safety and fundamental liveness) are enforced. At the con-
trol level, the explicit recipe requirements (such as liveness
constraints that model job completion) are enforced.

Using this scheme we have implemented a control envi-
ronment for a Rapid Thermal Multiprocessor (RTM) at the
Center for Integrated Systems at Stanford University. The
environment provides both manual and automatic control.
Synthesis can be done in an interactive environment.

The controller synthesis procedures based on binary de-
cision diagram manipulation were briefly presented. These
allow the automatic synthesis of realistic size manufactur-
ing recipes. Also a recipe example with a state space of 10°
was discussed. Future work will include the incorporation
of supervisor reduction techniques [27].

The supervisory control theory described here leaves a
number of open questions about the way processes and
their specifications are modeled. Of the most pressing ex-
tensions to the model, we mention only the following three.
Throughout the paper we assumed that the communication
between processes is not affected by communication delays.
The effect of delays that occasionally occur in a real system
can be counteracted by imposing additional constraints on
the plant or the supervisor [31]. Concepts based on hierar-
chical supervision in the sense of [34] will be important
in future applications. The original supervisory control
framework is restricted to purely logical system models;
for some applications it is critical to extend the model to
systems with real-time constraints [35]-[38].
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