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INPUT/OUTPUT DISCRETE EVENT
PROCESSES AND SYSTEM MODELING

Silvano Balemi*

Abstract. In this paper we present an input/output interpretation of supervisory
control theory. As opposed to the model proposed by Ramadge and Wonham,
the plant does not spontanuously generate all events as outputs, but reads some
events, called commands, as inputs and produces other events, called responses,
as outputs. Based on this input/output interpretation we propose a modeling
framework that starts with a physical description of the system and ends with the
system model. This is performed by designing software routines interacting with
the system at appropriate time instances.

1. INTRODUCTION

The supervisory control theory introduced by Ramadge and Wonham [1] provides
a framework for the treatment of theoretical and computational issues related to
the control of discrete event systems. However, the interpretation and implemen-
tation of the results obtained in this research area are not always straightforward.
This is partly due to the model semantics of a plant generating events with a su-
pervisor only passively preventing the generation of some of the events.

This semantics is not appropriate for modeling many real life systems because
it does not naturally allow the supervisor to generate events of its own. A partial
step in the direction of a supervisor able to force the occurrence of certain events
in the plant was done by Golaszewski and Ramadge [2]. In this paper we use
an explicit input/output semantics for the plant. The plant reads inputs, called
commands, and produces outputs, called responses. Symmetrically, a controller
accepts as inputs the responses produced by the plant and generates as outputs
the commands for the plant.

A crucial step toward the practical control of a discrete event system is the
modeling step. As opposed to the modeling of continuous-valued systems how-
ever, the task of modeling a discrete event system is not a “passive” process in
which one selects the best suitable model from a class of models according to
some given criteria. A model for a discrete event system must not be “identified”
but designed and constructed.

This is performed by adding to the given system some additional structure, for
instance in form of some software that interacts with the (physical) system via
actuators and sensors. Following the I/O semantics above, the inputs correspond
to the call of software routines, while the outputs are messages reporting the
qualitative changes occurred in the system.
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In this paper we first introduce the input/output control problem [3, 4, 5].
Then we present a modeling procedure for obtaining an input/output model of
the considered discrete event system. We illustrate this with the example of a
valve of a semiconductor manufacturing piece of equipment [4, 5].

1.1 Preliminaries and Notation

The behavior of discrete event systems is naturally described by sequences (called
trace) of certain qualitative changes (called events) in the system, by ignoring
micro-changes occurring between two events. Ramadge and Wonham introduced
a language-theoretical approach on control of DES by considering the possible
traces to be strings on an alphabet of symbols representing the events. The set
of all such strings is then called a language, and represents the possible behavior
of the system. We denote the alphabet of symbols by ¥. The quantity ¥* stands
for the set of all finite sequences (or strings) over ¥. The empty string is denoted
by e. For a language L C ¥*, L denotes the set of prefixes of strings in L. We
say a language L is prefiz-closed if L = L.

1.2 Process Model and Process Composition

A process is a triple P = (X, Lp, Mp) composed of two languages Lp and Mp
of finite traces over the alphabet Y. Lp is prefix-closed and represents all partial
traces of P, while Mp C Lp, is a set of distinguished traces, the marked language.
Often Mp marks the set of successfully completed traces.

An important operator on processes is the prioritized synchronous composi-
tion [6]. Before defining it, we need additional notation. The generalized projec-
tion of a string s onto a prefix-closed language L, denoted by gproj[L](s), is a
string defined recursively by gproj[L]|(¢) = € and with o € ¥ by

, gproj[L](s).o if gproj[L](s).c € L
gproj[L](s.0) = { : .
gproj[L](s) otherwise.

The generalized projection of a string onto a language yields the string that is ob-
tained from the original string by discarding in a row those letters that could not
“follow” language L. The expression gproj[L](K) denotes the obvious extension
to a language K. For an arbitrary alphabet ¥/, the special case gproj[(X')*](K)
is called the natural projection of K on the alphabet ¥'. We are now ready to
define the composition operator.

Definition 1 (Prioritized Synchronous Composition) The prioritized syn-
chronous composition Py 4||gPs of PL = (X1, Lp,, Mp,) and P, = (X,, Lp,, Mp,)
with respect to the sets A C ¥y and B C Y, is

PIAHBP2 = (El U 22’ LP1A||BP2’ A’JP1A||BP2) (1>

where Lp, | p, 15 defined by € € Lp, || _p, and by the recursive condition that for
s € LP1A||Bp2 and o € Xy U Xy the string s.0 is in LP1A||Bp2 only if the following
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respomnses commands
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Figure 1: Closed-loop system

condition s satisfied:

gproj[Lp,](s).0 € Lp, Voec A-B
gproj[Lp,](s).0 € Lp, Voe B—A 5
gproj[Lp](s).0c € Lp, A gproj[Lp,](s).c € Lp, Yo€ ANB (2)
gproj[Lp](s).c € Lp, V gproj[Lp,](s).c € Lp, Yo ¢ BUA.

The marked language Mp, | _p, ts described by

Mp, ,|.p, = {5 € Lp, ,,p, | gproj[Lp](s) € Mp, A gproj[Lp,](s) € MPz-}

The sets A and B are called the priority sets for process P; and P, respectively.
They indicate the events that can occur in the composition only if the respective
process agrees on their execution. The events not in the priority set of a process
can be executed by the other process at any time. The special case of A = ¥4
and B = ¥, is called the full synchronous composition, and is denoted by P || Px;
the processes must execute simultaneously a common event (in ¥; N X;), while
the other events can happen independently in each respective process. The other
special case of A = B = ()) is called parallel composition; the processes must
execute a common event if both can, otherwise they are free to execute any event
independently. The parallel composition of two processes P; and P, is denoted

by Pl//PQ.

2. AN INPUT/OUTPUT SEMANTICS

We introduce here an input /output model of discrete event systems. The alphabet
of the process languages is divided into two disjoint subsets: the commands
(denoted by X.) and the responses (denoted by X.). As proposed in [3], the
set Y. of commands models the inputs of the plant process whereas the set X, of
responses stands for the plant outputs.

The basic problem we want to address is the enforcement of a behavior on the
plant P = (X, Lp, Mp). We do this with a process C' = (¥, Lo, M) called
controller. Symmetrically to the plant, the controller accepts responses as inputs
and produces commands as outputs. Then, the closed-loop behavior of the plant
and the controller connected together as in figure 1 can be described by the full
synchronous composition of the two processes. The resultings process is then

CHP: CEHEP = (27 Lp EHEL07 Mp 2||2MC)-
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For the closed-loop, we require that any response sent by the plant can be
accepted by the controller. This is expressed by the condition

PlC = Pgls.C. (3)

Controllers satisfying this constraint can never inhibit by synchronization the
occurrence of a response in the plant. This condition can be rephrased using the
notion of controllability of a language [7]. A language K C ¥* is called controllable
with respect to L and Y if the inclusion K.X'N L C K holds. Then it can be
shown [8] that a controller satisfies equation (3) if and only if L is controllable
w.r.t. Lp and X, i.e. if and only if Lo.X, N Lp C Lo holds. Symmetrically to the
previous condition, we also require in the closed-loop that any command sent by
the controller can be accepted by the plant. Thus the controller does not need
to check if the plant can accept the command but knows a priori that the plant
can. This is expressed by the following condition

P”C = PETHEC- (4)

As for equation (3), condition (4) holds if and only if Lp is controllable with
respect to Lo and Y., t.e. if and only if Lp.X. N Le € Lp holds. The closed-
loop connection of a controller and a plant satisfying the two conditions above is
said to be well-posed. An output produced by any of the processes in the closed
loop can be accepted as an input by the other process. This is in analogy to the
concept of well-posedness in control theory, where it indicates that the connection
of some systems “makes sense”.

In addition to the condition of well-posedness, we are interested in controllers
that always guarantee the termination of a marked string. For this, Ramadge
and Wonham [9] introduced the concept of non-blockingness. A process P is
non-blocking if Lp = Mp. We are now ready to present the input/output control
problem.

Input/Output Control Problem
Given a plant P and a specification language L?;?C, L © X7 for the closed-loop
behavior, find a controller C' such that

1. [min C Mg C [max

spec = *spec’

2. C||P is non-blocking,
3. The connection of P and C is well-posed.

The solution of the control problem can be expressed using the notion of control-
lability. The class C(L) of sublanguages of a language L which are controllable
with respect to Lp and ¥, is closed under language union, and therefore there is a
supremal element of C(L), denoted by sup C(L). It can be shown [4, 5] that the in-
put/output control problem has a solution if and only if LB C sup C(MpNLE2X).
If a solution exists, the controller

Coup = (2, supC(Mp N Lm2%) supC(Mp N LJ5)) (5)

spec spec

is always a solution.
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3. MODELING PRINCIPLES

In this section we present a methodology for obtaining an input/output model.
The construction of a model is illustrated for a gas valve component of a semi-
conductor manufacturing piece of equipment: the rapid thermal multiprocessor
(RTM) at the Center for Integrated Systems of Stanford University [4, 5].

The task of modeling a discrete event system can be decomposed into four
parts. While not all systems are easily modeled by 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.

Step 1 — Model the high-level behavior of the plant. This results in the de-
scription of a fundamental process = that best describes the possible func-
tions of the (physical) plant.

Step 2 — Design a logical interface to the physical plant, starting from the
fundamental process =. This consists of designing low-level routines that
interact with the physical system by triggering actuators or reporting sen-
sor readings. The routines are represented by actuating and sensing pro-
cesses ;.

Step 3 — Compose the description of the fundamental process with the above
routines. This results in a candidate process model P’ for the plant.

Step 4 — Choose a subprocess P of the process P’ found in step 3 so that
some desired properties of the plant are satisfied.

The fundamental process = = (X', Lz, M=) 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 con-
trolled. It represents the abstract view of the functionalities of the system.

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 pro-
cesses. These underlying sequences of events are modeled by p separate processes
or routines, ¥; = (X;, Lg,, My,), 1 <i < p, with the languages Ly, consisting
of a command followed by a finite number of responses, i.e. Ly, C ¥..X* (X,
and Y, are the sets of all commands resp. responses in the sets ;). The initial
command can be thought of as the call of the routine, while the responses as
its effects. Note that the languages My, are not necessarily prefix-closed, i.e.
Mg, C Ly,. In particular, we suppose that the only markings are the strings in
Ly, without possible continuation, i.e. My, = {s € Ly, | s.X N Ly, = () }.

The interaction of fundamental process and routines can be explained in the
following way. A command corresponding to an available routine is given and,
after the command, the fundamental process starts producing responses from
the routines according to its own possible behavior described by the language
Lz=. The routines that have been started with a command and that have not yet
ended, i.e. that have not yet reached a marking, are called running and they can
be activated again only after having reached a marking.
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A candidate process model for the input/output plant is the process P’ =
(E, Lp/, Afp/) given by
Pr=Z || (J£.Y5) (6)

with the alphabet ¥ =¥ U¥; U, -+ UX,.
The process U7 (see also the sequential composition of Inan and Varaiya [10])
is defined by
\I}r = (227 Wv M:IL)

where the symbol * for the languages in this equation stands for the extension of
the Kleene closure to languages. Given a marked language M, this means that
s € M~ if and only if there exist strings sy, s3---5,, € M, for some m such that
81.82. .8y = S.

In equation (6), the processes U7 model the repetitive execution of the routines
W,. Note, however, that this repetitive execution must occur for each individual
routine in a sequential fashion only. The routines ask the use of some resource,
and must possibly wait until the fundamental process is ready to make the re-
source available. This is therefore expressed by the synchronous composition of
the fundamental process = with the process /2, U7 resulting from the parallel
composition of the repeated routines .

3.1 Nonblocking Plants with Terminating Routines

On the plant process obtained in equation (6) we want to enforce an additional
constraint. We require that all the running routines can always spontaneously

terminate by reaching a marking, i.e. the following condition must be satisfied
for a process P = (X, Lp, Mp)

Vs € Lp 3t € X7 | gproj[Myg ](s.t) € Mg, Vi=1,.,p. (7)

The class of languages satisfying equation (7) is closed under union as stated in
the next proposition.

Proposition 1 The set of languages satisfying equation (7) is closed under union
of languages. Then, given L as the language of the process P’ obtained from
equation (6), there exists a supremal sublanguage of L'y satisfying equation (7).
Moreover, this supremal sublanguage is controllable w.r.t. Ly and X, .

Proof: The proof is easy by noting that the class of languages satisfying equa-
tion (7) is closed under union because the property can be checked for each string
in Mg, or prefix individually. From this property, the existence of a supremal
sublanguage of Lp satisfying equation (7) is automatically proved. The con-
trollability w.r.t. L and X, of this language follows from the definition of the
languages My, which have an element of Y. as first element of any string, and
then a sequence of elements from .. [ |

This proposition implies that there exists a least restrictive plant P satisfying
equation (7), i.e. a plant allowing to start as many routines as possible under the
constraint given by equation (7).



I/O DIiSCRETE EVENT PROCESSES AND SYSTEM MODELING 21

Then, we can use P as a model for the plant (combining fundamental process
and routines) because by choosing the model we only limit a priori the availability
of the routines that may be or may not be started in the candidate plant P’.
While every routine that is not running can be usually started at any time with
a command in the process P’, the enforcement of equation (7) requires that a
routine be initiated only if this routine and all the routines currently running can
eventually terminate by reaching a marking.

The language of the least restrictive plant can be determined as follows. Con-
sider any command in the candidate plant P’. If after a string s in Lp/ and this
command it is possible to reach a point where a routine cannot spontaneously ter-
minate, then the continuation of the string with the command should be removed
from the language.

This can be formulated as follows. Take Lp = Lp/ and consider any string
s € Lp and o, € X, then

if 34 | gproj[Mg |(s.0..355) N Mg, # gproj[Myg. ](s.0.35) N Mg,

= remove {s.0..X*} from Lp

This should be repeated for every command o, in any string s originally contained
in Lpr. The resulting Lp is the language of a plant P = (¥, Lp, Lp N Mp/)
satisfying equation (7).

Note that this plant is not necessarily non-blocking because all running rou-
tines could have terminated while the fundamental process is not marked. Then
the non-blocking plant P,; can be determined using the notion of controllability.
In fact the least restrictive non-blocking plant satisfying equation (7) is given by

Pnb = (27 MPnb7 A{Pnb)

where Mp_ is the supremal sublanguage of Lp N Mp: which is controllable w.r.t.
to Lp and ¥,. Note also that with the step from P to P,; the property given by
equation (7) is preserved.

3.2 Plants subject to Communication delays

In real-life systems the message exchanges between the plant and the controller
are affected by communication delays. A message sent by a process needs some
time to reach the other process. Besides, the time needed for the commands to
be executed can be modeled as a delay in the transmission of the responses.

Because of the communication delays, there can be inconsistencies between
the controller and the plant. For instance, the controller could send a command
to the plant without the knowledge of a response already produced by the plant
but not yet arrived at the controller input.

Then, in order to enforce a desired behavior on a plant in a closed-loop af-
fected by communication delays, more sophisticated supervisors/controllers must
be used in general. Li and Wonham [11] (in the original setup of Ramadge and
Wonham) and the author [12] (in an I/O-setup) discuss the properties of such
supervisors/controllers.
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[ ] ]

s | prant

Figure 2: Closed-loop connection of plant and controller processes with com-
munication delays.

More sophisticated controllers, however, are not necessary if the plant satisfies
additional properties. For instance, if the plant is such that no command can
be given while some routine is running, ¢.e. if no element of . can be accepted
by the plant after a strings s such that gproj [W](s) ¢ Mg, for some routine
index ¢z, then a controller solving the problem on page 18, correctly enforces the
specification on the plant affected by communication delays. Such plants trivially
behave correctly under delays because the controller is forced to wait until the

current routine has terminated.

3.3 Two-stage Design

Therefore we can say that a model for the plant (the control model) is designed
from the physical description of the system. The aim of this design is to obtain
a plant model ensuring desired operating constraints.

Given the plant model, the second step consists in designing the controller
which enforces given specifications on the plant’s closed-loop behavior. We can
see these two design steps in figure 3.

As we showed for the case of a plant-controller pair affected by communication
delays, the design of a controller can be performed in a less computationally
intensive way and using known algorithms if the plant satisfies given properties.

Plant design versus controller design. Now we could ask ourselves if it makes
sense to invest more time in the design of the model instead of determining a
general model and then take care with the controller design of both operational
constraints and control specifications. A partial list of reasons for doing so is
given below.

1. The plant model is designed once at the beginning and then seldom changed
(e.g. after a hardware change). The controller design is performed often.
Thus the design of a more “benign” plant model can pay off in the long run.

2. In general, for the considered control problem, some restrictions on the class
of plant models can be introduced without prejudicing the achievement of
the control objectives.

3. Some constraints on the plant class are natural. Also, the need for new algo-
rithms for the computation of more sophisticated controllers can be avoided.
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PHYSICAL MODEL

Desired Plant Properties DESIGN

CONTROL MODEL

CONTROL SPECs DESIGN

CONTROLLER

Figure 3: Two-stage design: 1) The control model for the plant is designed
from the physical model of the system and the desired plant properties. 2) The
controller is designed from the plant model and the control specifications

The design of a plant model can be of great importance for the success of the
automatic synthesis of controllers. While the complexity of the computation
of a controller for a continuous-valued system depends on the model order, the
complexity of the computation of a controller for a discrete event system is not
only a function of the size of the model but can heavily depend (and maybe even
more crucially) on the structure of the model.

The success of the whole domain of discrete event systems will depend on the
future ability of providing the plant models with the necessary structure suitable
for the controller design.

4. AN EXAMPLE

We now present as an example the construction procedure for a gas valve of
the considered semiconductor manufacturing piece of equipment. The complete
alphabets of commands and responses that are modeled are

Y, = {r_valvefailed, r_valve opened, r_valve closed}
Y. = {c_openvalve, c.closevalve, c_repair_valve}.

We adopt the convention that the transition labels starting with “c_” and “r_.”

denote commands and responses respectively. First, the fundamental process =
for the gas valve is modeled by an automaton over the alphabet

Y= = {r_valve opened, r_valveclosed, rvalve failed, c_repair.valve}.
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\/:ralve_closed
O

-

c_repair_valve r_valve_opened

r_valve_failed

r valve_closed

valve failed valve_open

Figure 4: Automaton model of the fundamental valve process =. The arrow on
the top indicates the initial state. States marked by two concentric circles are
marked states

The automaton is shown in figure 4, where the only marked state is the initial
state. The marked language Mz is

{((r-valve_opened.r valve closed) + (r_valve failed.c_repair_valve))*}

and Lz = M=. Secondly, the sensing and actuating processes W; are given by the
languages

My, = {c_open_valve.(rvalve opened+ r_valve failed)}

My, = {cclosevalve.rwvalveclosed}

My, = {c_repair.valve}
and Ly, = My,. The sequences in My, correspond to sensors that indicate

whether the command to open the valve is successful or not. The strings in My,
and My, are more detailed descriptions of sequences of events corresponding to
closing and repairing the valve. We can see the process Uy and U7 in figure 5.

r_valve failed

rvalve failed
\h c_open_valve

r_valve_opened

c_open_valve

r_valve_opened

Figure 5: Actuating process Wy on the left and its infinite repetition Ui on the
right, described by automata.
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r_valve_closed

) cclose_valve
c_repair_valve

c_open_valve c_open_valve

r.valve failed
r_valve_opened

~ O

r_valve_closed

Figure 6: Least restrictive non-blocking plant also allowing the termination of
all running routines.

Thirdly, composing the processes as in (6) under constraint equation (7) and
of non-blockingness yields the complete input/output plant model of figure 6.

A simpler model for the gas valve process, allowing only one running routine,
is given on figure 7.

valve_closed

r valve closed

c_repair_valve .
closing valve

valve failed c_open_valve cclosevalve

r_valve failed valve_open

r_valve_opened
opening valve
Figure 7: Simple model for the gas valve process P.
It is given by the process P = (¥, Mp, Mp) where

Mp = { (c_open_valve.(rvalve opened.cclosevalve.r valve closed
+r_valve failed.c_repair_valve))* }.

Only the initial state of the automaton is marked.
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5. CONCLUSION

In this paper an input/output version of the supervisory control problem of Ra-
madge and Wonham has been introduced. This modified problem is based on an
input/output model of both plant and supervisor. Then, the issue of modeling
an input/output plant has been addressed, and a methodology for obtaining a
plant model has been presented.

The article has tried to show that the modeling of a discrete event system is
not an “identification problem” (like in the case of continuous-valued systems)
but more a “design problem”. During the plant model design, the plant has to
be provided with structure which then simplifies the successive controller design
problem.

The author believes that the success of the synthesis of controllers for discrete
event systems strongly depends on our future ability to introduce structure in
our models such as to render computational complexity pheasible in practice.
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