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Abstract— This paper proposes a set of requirements on
coordinating filters that will resolve conflict among modular
supervisors. Our specific approach is unique in that it employs
a conflict-equivalent abstraction, which offers the potential for
greater reduction than those abstractions employed in existing
works on conflict resolution. The resulting control implemented
by the modular supervisors in conjunction with coordinating
filters meeting the proposed requirements is shown to be safe
and nonblocking. Approaches for constructing these filters
are discussed and it is proposed that a static state-feedback
approach to control be employed that implements deterministic
coordinating filter control laws by nondeterministic automata.

I. INTRODUCTION

A framework for the control of discrete-event systems
(DES) referred to as supervisory control [1] has been de-
veloped and remains an active area of research. This con-
trol paradigm is well-suited to manufacturing and computer
systems, as well as to high-level coordination of complex
systems. The application of this theory to complex industrial
systems has been limited by the computational difficulties
that arise. One methodology for addressing the complexity
problem is a modular approach to control [2] [3]. In mod-
ular supervisory control a series of smaller supervisors are
designed to meet various specifications individually, rather
than constructing a single monolithic supervisor to meet all
specifications simultaneously. This approach offers signifi-
cant savings in computation, but may result in individual
supervisors interfering with one another. It is possible to
check a priori that the modular supervisors will not conflict,
but this verification is often computationally expensive.

Abstraction has been employed to reduce the complexity
associated with verifying nonconflict [4] [S], or combined
with modular approaches to control that achieve nonconflict
by construction [6] [7] [8], or used to add coordinators on
top of the modular supervisors to resolve conflict [9] [10].
Most of these works employ for their abstraction a language
projection with the observer property of [11]. The work
of [9] does not presume language projection is used, but
does require of their mappings the observer property. The
observer property guarantees that the abstraction maintains a
type of observation equivalence. The works of [4] and [8] are
different in that they use the notion of conflict equivalence
introduced in [12]. As demonstrated in [13], a conflict-
equivalent abstraction has the potential for greater reduction
in model size than can be achieved by language projection
with the observer property. In this paper we leverage this
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potential to achieve a greater reduction in model size than is
achieved by existing techniques for conflict resolution. The
work of [8] also employs conflict-equivalent abstraction to
incrementally build modular supervisors in a manner similar
to [7], though [8] does not explicitly specify how to construct
supervisors based on the abstracted models.

We build on the approach of [4] where conflict-equivalent
abstractions were employed in conflict detection. This paper
advances the current state of the art by providing a novel set
of requirements for coordinating filters that resolve conflict
among modular supervisors. A difficulty that arises, how-
ever, is that a conflict-equivalent abstraction can introduce
nondeterminism. To address this difficulty, we propose that
a static state-feedback approach be employed for the filters.

The outline of this paper is as follows. Section II intro-
duces notation. Section III provides a procedure for resolving
conflict assuming that filters exist, while Section IV pro-
vides sufficient conditions on the filters and discusses some
approaches for their construction. Section V then applies
these results to a manufacturing example, and Section VI
summarizes the contributions of this paper.

II. NOTATION AND PRELIMINARIES

A DES is modeled by a possibly nondeterministic au-
tomaton G = (Q,%,,d,q0,Qm), where @ is the set of
states, ¥, = X U {7} is the set of events including the
silent event 7, 0 : @Q X X, — 2@ is the state transition
function, gg € @ is the initial state, and @Q,, C @ is the set
of marked states representing completion of a task. The silent
event 7 can be thought of as a generic unobservable event.
Let X% be the set of all finite strings of elements of X,
including the empty string €. Let the function § be extended
to § : Q x ¥* — 29, The notation (g, s)! for any q € Q
and any s € X¥ represents that (g, s) is nonempty.

Let P, : ¥ — X* be the natural projection that erases
the silent event 7 from strings s € X*. Also, let £L(G)
and L£,,(G) be the generated and marked languages of G
respectively, defined £(G) = {P;(s) € ¥* | §(qo, s)!} and
Ly(G) = {P:(s) € £* | 6(qo, s) N Qu # O}. The prefix-
closure of a language K is the set of all prefixes of strings
in K and is denoted by K. An automaton is nonblocking
when all of its reachable states can reach a marked state.
For languages, this is defined as £,,(G) = L(G).

A. Supervisory control

Traditionally, the theory of supervisory control [1] has
been developed for application to deterministic automata
models that do not include the silent event 7 and are charac-
terized by the fact that any string can take the automaton to



only a single state. Nondeterministic automata can arise due
to abstraction where events are hidden by replacing them by
the silent (uncontrollable) event 7. Let ¥;, C ¥ represent the
set of events that have been hidden. We assume all automata
have the same event set ¥,. When two automata operate
concurrently they will synchronize on all events except T, as
defined below by the synchronous composition operator, ||.

Definition 1: The synchronous composition of two au-
tomata Gy and Go, where G1 = (Q1, %+, 91, qo1, @m1) and
Ga = (Q2,%2+,02, 02, @m2) is the automaton

G1]|G2 = (Q1 X Q2,%+,6,(qo1, q02); @m1 X Qm2)

where the transition function 6 : (Q1 X Qo) x X, — 2(@1%xQ2)
is defined for ¢; € Q1,2 € @2, and 0 € X as:
foro =1, 0((q1,¢2),0) =
01(q1,7) % {go}, if 61(q1,7)! and =d2(ga, 7)!
{ql} X52(q277-), if —\51(611,7')! and 52((]2,7’)!
(61(q1,7) X {g2}) U ({q1} x d2(q2, 7)),
lf 51((]1,7’)! and 52(Q2,T)!

for o € 3, 6((q1,92), 0) = d1(q1,0) x 02(g2,0)
if (51((]1,0’)! and (52(Q2,0)!
else 6((q1,42),0) is empty. ©
In terms of their generated languages, £(G1)||L(G2) =
L(G1) N L(Gy).
The plant G and specification F are modeled by determin-
istic finite state automata given in a component-wise manner:

G=Gi||--||Gn and E = Ey|| - [|Ep

Modular supervisors will be built in the sense of [3].
Let H; be an automaton realization of the closed-loop
subsystem S; /G’ consisting of a plant G under the control
of the supervisor S;. The notation sup C(K, L) represents the
supremal controllable sublanguage of K with respect to the
prefix-closed language L. The notation ¥,.;(G) will represent
the set of relevant events in G. Relevant events are defined
here to be those events that are not 7 and are not self-looped
at every state in the automaton.

G: = |jes, Gj, where:
Ji = {] € {1,...,71} | Zrel(Gj)erel(Ei) 7&@}
Ln(H;) = supC(L(E;) N Ln(GY), L(GY)) (D

The conjunction of modular supervisors succeeds in sat-
isfying all of the component specifications, but does not
guarantee nonblocking. In order to accomplish this goal, we
need that the closed-loop subsystems H; be nonconflicting.
A set of automata Hy, Ho, ..., H, is nonconflicting if the
synchronous composition Hi| Haz||.. .| H, is nonblocking.
A set of automata being nonconflicting implies its corre-
sponding set of marked languages K, K,..., K, is also
nonconflicting. Nonconflict of a set of languages is defined
as KiNKaN...NK,=KiNKyN...NK,.

Unfortunately, a priori verification of nonconflict is gen-
erally quite expensive computationally. With this in mind,
we will incrementally apply abstraction to our modular
supervisors as was done in [4].

B. Equivalence reductions

Many types of equivalence relations can be employed for
reducing the complexity of a model. We are specifically
interested in generating reduced models that preserve conflict
properties, a notion introduced in [12].

Definition 2: [12] Two automata H; and H» are said to
be conflict equivalent if for any third automaton 7', H; and T'
are nonconflicting if and only if H5 and T are nonconflicting.
If the automata H; and H, are conflict equivalent we write,
H 1 “conf H. 2. <

Note that conflict equivalence respects the property of
blocking. Also, two languages can be defined as conflict
equivalent in a similar manner to Definition 2. Using the
fact that nonconflict of two automata implies their marked
languages are nonconflicting means that H; ~ s Ho implies
L(H1) ~cont Lm(Hz). The converse however does not
hold since the automaton representation of a given language
is not unique. Specifically, two automata can generate the
same language and not be conflict equivalent [12], as demon-
strated by the example presented in Fig. 1. In the figure,
automata G; and G2 generate the same language, but G
conflicts with G3 while G5 does not. Initial states are denoted
by an arrow and marked states by double circles.

Fig. 1. Illustrative example of nondeterminism

More generally, when nondeterministic automata models
are considered, language equivalence is insufficient for cap-
turing certain system properties. A very strong equivalence
relation is bisimulation equivalence [14]. In the following,
we will use the notation ¢ — ¢ to represent that state ¢’ is
reached from state g by the string s € X7.

Definition 3: Let there be two automata G; =
(Q1,%7,01,q01,Qm1) and G2 = (Q2, X7, 2, qo2, Qm2). An
equivalence relation ~ on the states of these automata is said
to be a bisimulation equivalence if for any ¢; € ()1 and
g2 € Q2, (1 ~ qo implies that for any s € X*:

if 1 > ¢} then 3¢5 such that ¢» > ¢4 and ¢} ~ ¢b;
if o > ¢b then 3¢} such that ¢; > ¢} and ¢} ~ qb;
q1 € Q1 if and only if g3 € Q2. ©

Two automata are said to be bisimulation equivalent if
their initial states are bisimulation equivalent: qo; ~ qg2. If
two automata are bisimulation equivalent, most properties of
interest are consistent between the two, including blocking.

Another equivalence relation called weak bisimulation or
observation equivalence [14] has also been defined where
states are considered equivalent if they have the same “ob-
served” futures. That is, their futures must be the same
when the silent event 7 is projected away. This concept



of observation equivalence is similar to the notion of the
observer property employed in [5] [7] [9] [10].
Conflict-equivalent abstraction in general provides a
greater reduction in the state size of a model than either
an observation-equivalent abstraction or a projection with
the observer property [13]. A conflict-equivalent abstraction,
however, is not as straightforward to implement; it is imple-
mented via heuristics and a select set of rules [4]. Also, a
unique minimal reduction does not exist in general.
Example 1 demonstrates a conflict-equivalent abstraction.
The notation GG, represents an abstraction of the automaton
G generated by replacing the events in X by the 7 event
to generate an intermediate automaton G’, then applying the
conflict equivalence preserving rules of [4] to arrive at G,.
Remark 1: By construction, the intermediate automaton
G’ and the abstraction G,, are conflict equivalent per Defini-
tion 2. However, the original automaton G and GG, are only
guaranteed to be conflict equivalent with respect to automata
that do not have any relevant events that were hidden in the
process of generating G’. In a slight abuse of notation, we
will still write that G~ G,. Note also that G and G, are
consistent with respect to the property of blocking.
Example 1: Consider automaton G in Fig. 2 where event
f is not relevant to any other automata. Since f is “local”
to G, we can hide it by replacing all occurrences of f by
the silent event 7. In the resulting G’, states 1 and 2 are
not observation equivalent because state 1 has the observed
continuation bc while state 2 does not. States 1 and 2 of
G’, however, can be merged by the active events rule of [4]
leading to the conflict equivalent automaton G,. We will
consider the abstraction GG, to have the same alphabet as G,
namely X, but will not picture an event (except 7) if it is not
relevant to the automaton. Therefore, one can imagine that
G, has the event f self-looped at every state. A consequence
of this abstraction is that G, is nondeterministic. ¢

Fig. 2. Illustrative example of a conflict-equivalent abstraction

In order to make the conflict-equivalent abstraction useful,
we need to show that it is preserved under the synchronous
composition operation ||. This result follows from Proposi-
tion 1 that is a reformulation of a result from [12].

Proposition 1: Let G, G,, and H be automata. Also
assume that any events hidden in the process of generating
G, are not relevant to H, that is, 3,(H) N X, = 0. If
G ~cont G then G||H ~cont Go| | H. See Remark 1.

The above proposition can be used to show that if no
relevant events shared between (G; and G5 are hidden, then
GIHGQ “conf Gl,a”GQ,a'

III. CONFLICT RESOLUTION PROCEDURE

In this section we describe a procedure by which conflict
is detected and resolved among modular supervisors without
specifying how the conflict-resolving filters are constructed.
This will be discussed in Section IV.

Step 1: Build modular supervisors according to (1) which
results in a deterministic closed-loop automaton H; for
each specification F;. Note that the supervisors may be
constructed in other ways.

Step 2: For each supervised subsystem [;, generate a
conflict-equivalent abstraction H;, employing the rules
of [4]. The set of hidden events in this step corresponds
to those events relevant to only a single H;, that is, ¥; =
Y- Ui;&j(zrel(Hi) N Zrel(Hj))’

Step 3: Choose an abstracted subsystem H; , with which to
begin the procedure. Let H; , = H;, where i = 1 is the
index for the individual closed-loop modules. Also initialize
the index for filters, j = 1.

Step 4: Choose one of the remaining abstracted subsystems,
H;i1,4, to compose with H; .. This operation is performed
via synchronous composition, H; ,||H;1,4-

Step 5: If the composition H ,||H; 1,4 is nonblocking, skip
to Step 7, otherwise proceed to Step 6.

Step 6: At this point a coordinating filter law Hgy,
L(H] ,|Hit1,0) — 2” must be generated to resolve the
detected conflict in the preceding blocking composition.
Otherwise stated, Hy,,; is built so that the controlled system
Hpur,j/(H 4| Hiy1,4) is nonblocking. Specific requirements
for this filter and an approach for its construction will
be discussed in Section IV. After the filter is constructed,
increment the index j.

Step 7: If all controlled subsystems have been addressed,
then the procedure is finished. Otherwise, more abstraction
is performed and this overall procedure is repeated beginning
at Step 4. The abstraction is performed in order to take
advantage of the fact that some events are no longer relevant
to any remaining abstracted subsystems and hence can now
be hidden. More precisely, the set of hidden events becomes

Eh — Eh @] (2 - U Zrel(Hk,a)) (2)
k>i+1

and H;,, = H; ,||Hit1, is abstracted to generate H,, ,.
The index 7 is incremented before returning to Step 4. <

The process in Step 4 to Step 7 of abstracting and com-
posing subsystems and adding filters as necessary to prevent
blocking is repeated until there are no more subsystems
remaining. The work of [4] offers a sizable survey of heuris-
tics for determining the ordering with which subsystems are
addressed. The end result of this procedure is a set of filters
that act in conjunction with the set of modular supervisors.
If the controlled subsystems are nonconflicting on their own,
no filters are needed. If a filter is generated that is the
empty automaton, it is possible that a nonempty filter can
be found by abstracting away fewer details of the controlled
subsystems, that is, by making Xj; smaller. A nonempty
solution could also be found by addressing the supervisors
in a different order.



IV. COORDINATING FILTERS

In the preceding section a Conflict Resolution Procedure
(CRP) was presented for incrementally resolving conflict
among a set of modular supervisors. This approach to
conflict resolution is the first to employ conflict-equivalent
abstraction in the construction of the coordinating filter laws.
In this section, we will provide a set of conditions on these
coordinating filter laws and will discuss some approaches for
their construction.

A. Language-based requirements

In the CRP, each filter law Hp; ; is built with respect
to a blocking composition of abstracted automata that have
preceded it. Here we will denote the associated blocking
composition Bj ,. In the proofs that follow, we will assume
the control required by each filter law Hjy, ; is deterministic,
realized by a (possibly nondeterministic) nonblocking au-
tomaton Hpgy, ;, and applied via synchronous composition,
that is, M,/ Bj,a = Hpu,j||Bj,q. Therefore,

Bj;a = (Hﬁltajfln cee (Hﬁlf,IHHl,a”HZa)a .- ~)aHHij,a

We will also prove that filter automata meeting the fol-
lowing requirements will provide safe, nonblocking control
when acting in conjunction with the modular supervisors:
RI1) Hyy ;|| Bj,e is nonblocking
R2) L(Hgy ;) is language controllable w.r.t £(B; )

R3) Xret(Hpir5) N Xp =0

In the above, the property of language controllability is
defined as in [1]. Also, requirement R3 is meant to prevent
a given filter law from trying to affect the occurrence of
events that have been hidden. Since the set 3;, changes over
time, it is implicit in R3 that X; be the set taken at the
time the filter automaton Hgy, ; is constructed. We will now
demonstrate global nonblocking. In the following we will
assume sequential ordering of the automata without loss of
generality.

Theorem 2: Let H; be the automaton representing the be-
havior of the i*" controlled subsystem where i € {1,...,p}.
Also let there be filter automata Hyy, ;, j € {1,...,k}, con-
structed according to the CRP and satisfying requirements
R1 and R3. Then the conjunction of supervised subplants
and filters Hpy 1| ... || Hpir,x|| H1| - - - || Hp is nonblocking.

Proof:

e By the procedure of Section III, automata are incrementally
composed and abstracted. Assume the first two abstracted au-
tomata do not conflict. Therefore, Hq ,||Ha,, is nonblocking.
Since Zrel(Iil) N 2rel(I{2) c (E - Eh)s Hl,a”HZ,a “conf
H,||H> by Proposition 1. Therefore, H;| H> is also non-
blocking since conflict equivalence preserves blocking prop-
erties.

o Assume the addition of a third automaton also does not
cause conflict, then (Hy 4||H2,q)q||Hs,q is nonblocking. Not-
ing again that conflict equivalence holds across synchronous
composition, (Hi 4| H2,4)al|Hs,q is conflict equivalent to
Hi 4||Ha2,q|| Hs. Since those events made silent in the genera-
tion of H; , and H , are not relevant to any of the remaining
subsystems, Proposition 1 provides that Hy 4||H2 o|| Hs ~cont

H,||Hs||Hs. Furthermore, since equivalence relations are
transitive, (H1 o||H2,0)allH3,6 ~cont H1||Hz| Hs. Therefore,
H,||Hz||Hj is also nonblocking.

o Assume for the first 7; automata addressed, where 1 <
i1 < p, no conflict is detected. Therefore the resulting nested
composition given below is nonblocking.

(( . ((Hl,a”HZa)a”HS,a)a” - -)aHHilfl}a)a”Hiha 3)

Following the logic above, the expression in (3) is conflict
equivalent to H = Hy|Hz|...||H;,. Therefore, H; is
nonblocking since the expression in (3) is.

e If 1 = p, then there are no filters and we are done.
Otherwise, the filter Hgy, 1 is needed to resolve the conflict
in H ,[[Hi +1.4, where H; , is the further abstraction
of the expression in (3). By R1, Hg, is nonconflicting
with H] ||H;, +1,q- Therefore, Hgy 1 || H;, .|| Hi, +1,q is nON-
blocking. This result means that Hyy, 1 || H, || H;, 1 will also
be nonblocking by Proposition 1 since H; ,|[H;, 11, and
H| ||H;, 11 are conflict equivalent and since no events in
Yp, are relevant to Hg, 1 by R3.

e Repeating this process, supervisors and filters are added
to the composition until they have all been addressed.
The resulting composition Hpy 1| .. . || Hpr || H1 || - - - || Hp is,
therefore, shown to be nonblocking. [ |

We now need to demonstrate that the control required
of these filters is realizable. For a deterministic control
law, this corresponds to demonstrating language control-
lability. In this process we need that the original and
reduced automata generate the same projected languages
Ph([,(H)) = Ph(ﬁ(Ha)), where Ph Y — (E — Eh)*
is the natural projection which erases those events that have
been hidden. Specifically, this property can be demonstrated
for each of the rules of [4] that are applicable to the
generation of a reduction from a nonblocking automaton.
This is the situation that we have in this paper. The prop-
erty Po(L(H)) = Pn(L(H,)) is also claimed by [15] for
observation-equivalent abstractions in particular.

Now recall that a reduced automaton H, has replaced all
hidden events with the 7 event then added self-loops at every
state for each hidden event, therefore, none of the events that
have been made silent are relevant to H,. This in turn means
that P, '(Py(L(H,))) = L(H,). Here P; ' is an inverse
projection that expands the alphabet from (X — %) to . In
terms of automata, P, ! adds self-loops at every state for all
events in ;. Therefore:

Py (Pu(L(H))) = Py N (Pu(L(H,))) = L(H,) 2 L(H)

Defining the languages marked by these automata as K =
L (H) and K, = L,,,(H,) and assuming the automata are
nonblocking, we then have that:

K,2K @)
Repeated application of (4) can be used to show the follow-
ing expression where each K is either the marked language
of a modular supervisor or a coordinating filter.
((...(K1aNKag)aN..)aNKy_1,4)a N Ky q
QEHEH...ﬂKk,lﬂE %)



Equation (5) and the following well-known propositions
will help to demonstrate that our filters acting in conjunction
with the modular supervisors will be language controllable
with respect to the global uncontrolled plant language L.

Proposition 2: Let K, L C L' C ¥* be languages. If K is
language controllable with respect to L, then K is language
controllable with respect to L.

Proposition 3: Let Ky, Ko, and L C X* be languages
and let K = K1 N K. If K7 and K5 are nonconflicting and
K, and K, are language controllable with respect to L, then
K is language controllable with respect to L.

The following lemma will be instrumental in showing
the ultimate desired result. We will denote the languages
marked and generated by the filter automata Hgy, ; as Kgy ; =
L (Hpir,j) and Ky j = L(Hur ).

Lemma I: Let Kg;, K, Ko, ..., Ky, and L C X*
be languages and L be prefix-closed. Let the subscript a
represent an abstraction satisfying K, O K. Also let Ky,
K, K, ..., Ki be a nonconflicting set. Let %, C X be the
set of uncontrollable events. If Ky is language controllable
with respect to L, = (... (K1,aNK24)aN...)a N Ky q and
K1, Ko, ..., K are each language controllable with respect
to L, then K, N K1 N...N K} is language controllable with
respect to L.

Proof:
e It is given that Kj, is language controllable w.r.t. L :

KN Ly © K

e Noting (5), intersection of both sides of the above with
L'=KiNKsyN...N K} gives us that:

KgyX,NL C KynL (6)

e It is further given that K;, K>, ..., K} are each language
controllable w.r.t. L. Hence, L'Y, N L C L’. This fact
combined with (6) gives us that:

KX, N(L'S,NL) € KXy, NL CKyNL
and substituting the expression for L’ we get
(KauNKiN...NKp)E, NLC Ky NK1 N .. .N Ky,

e Also recalling that it is given that the set Kz, K, Ko,
..., K} is nonconflicting, we have our desired result:

(KpNKiNn..NK)EZ, NLC K NKiN...NKy

|

The following theorem provides the ultimate language
controllability result we require.

Theorem 3: Let K; = L,,(H;) be the language rep-
resenting the behavior of the " subplant L, = L(G})
under the supervision of the i*" modular supervisor where
i€ {1,...,p}. Let there also be filter languages Ky ;, j €
{1,...,k}, constructed according to the CRP and satisfying
requirements 1 and R2. The conjunction of supervised
languages and filters Kp, 1N. . .NKp NK1N. . .NK,, is then
language controllable with respect to the global uncontrolled
plant L = L(G) =Ly N...N L,

Proof:

e Each supervised language K; is language controllable with
respect to its associated subplant L by construction. Since
L C L for each local subplant, each supervised language is
also language controllable with respect to the global plant L
by Proposition 2.
e Let the set Ky,..., K;, be nonconflicting where 1 < 7; <
p. Since each K is language controllable with respect to L,
K = K;n...NK; is also language controllable with
respect to L by Proposition 3.
e If 1 = p, then there are no filters and we are done.
Otherwise, the filter K, 1 is needed to resolve the conflict
in the composition K; N Kj 1. By R1, Kpy, Kz{l’a,
and Kj; 41, are nonconflicting. Also by R2, Kg; 1 is lan-
guage controllable with respect to Kj , N Kj, 41,4, Where
K[, = (..(KiaNKayq)aN..)aN K 4 Therefore,
Kjpia VK] N K;, 41 is language controllable with respect to
L by Lemma 1.
e Repeating this logic, supervisors and filters are added to the
composition until they have all been addressed. The resulting
composition Kz 1 N...N Kapp VKN ... N K, is therefore
shown to be language controllable with respect to L. |

Theorem 2 and Theorem 3 therefore provide the desired
result that deterministic filter laws built to satisfy require-
ments R1, R2, and R3 provide safe, nonblocking control
when acting in conjunction with the modular supervisors.

B. Filter construction discussion

In this section we will first discuss some existing strategies
for the construction of the filters required by the CRP. We
are specifically interested in constructing deterministic filter
laws that satisfy the conditions R1, R2, and R3 given
in Section IV-A. After demonstrating that existing work
does not provide a construction algorithm with less than
exponential complexity that applies to our specific situation,
we will propose a state-based approach to control.

A difficulty that arises in the filter construction process
is that each blocking composition B; , is possibly nondeter-
ministic because of the abstraction employed. Determiniza-
tion is not feasible because it can make a blocking automaton
nonblocking and can lead the state space of the model to
grow exponentially. A way to think about our problem is
that each blocking composition Bj , is like our uncontrolled
plant and we are trying to build a supervisor (the filter law
Hju,;) to achieve a specification in a nonblocking manner.

If we consider our specification to be the language >,
then we have a situation where the “plant” is nondeter-
ministic and the “specification” is deterministic. Of the
existing research on supervisory control in the presence of
nondeterminism, some address the situation where either
only the plant is nondeterministic [16] [17] or only the
specification is nondeterministic [18]. Still other research
allows the supervisors to be nondeterministic but only in
application to partially observed deterministic plants and
deterministic specifications [19] [20]. The works applicable
to our situation [16] [17], demonstrate conditions for super-



visor existence, but do not provide a supervisor construction
algorithm.

Another, perhaps more intuitive way to think about our
situation is to consider our specification to be the trim
of B;,. Therefore, we have a situation where our “plant”
and “specification” are both nondeterministic. Research that
addresses this situation is presented in [21] [22] and [23].
The work of [21] only addresses deadlock avoidance and its
construction algorithm for building supervisors has exponen-
tial complexity. In the work of [22], conditions are presented
under which a supervisor exists that can achieve behavior that
is bisimilar to the given specification. A limitation of this
work is that supervisor synthesis is not addressed other than
to mention that a search can be performed over the cartesian
product of the plant and specification state spaces. The work
of [23] handles the situation of a nondeterministic plant and
specification by converting the models to partially observed
deterministic ones. At this point, traditional techniques for
control under partial observation can be applied. This ap-
proach could be applied to our situation, but we hope to
avoid the conversion process and the exponential complexity
of the traditional techniques.

C. State-based approach

As existing works do not provide a supervisor construction
algorithm for our particular situation with less than exponen-
tial complexity, we will propose a state-based approach for
constructing deterministic filter laws that meet the require-
ments R1, R2, and R3. We will represent these deterministic
control laws by possibly nondeterministic automata in order
to keep the representation compact and in order to avoid
determinizing the model. One problem that arises is that lan-
guage controllability is insufficient to assess the realizability
of a control law in regards to nondeterministic automata, as
demonstrated by the following example.

Example 2: Consider the automata in Fig. 3 where G is
the plant, H is the specification, and event b is uncontrollable.
Since the string ab is in £(G) as well as in L(H), L(H)
is language controllable with respect to £(G). However, the
automaton H still requires that the uncontrollable event b be
disabled at state 2. ¢

Fig. 3. State controllability example

One solution is to require a state controllability property
similar to what was done in [18] and [22]. Language con-
trollability requires that following an observed string s, if
there is an uncontrollable continuation ¢ allowed in the plant
automaton, then at least one instance of o must be allowed
following a string with the same observation s. With the

state controllability property of [18] and [22], it is rather
required that the continuation o be allowed following every
string with the observation s. In the case of subautomata, we
can apply a slightly weaker notion of state controllability.
Specifically, following a string with an observation s, we
will require that an instance of an uncontrollable event o
must be allowed only if the event o is possible in that
particular state of the plant automaton. That is, if there is a
string with an observation s that leads to a state in the plant
automaton where o is not possible, then ¢ does not have to
be enabled at that state. Both state controllability properties
imply language controllability. We will now formally define
our state controllability property for a subautomaton.

Definition 4: G1 = (Q1,%+,01,401, @m1) is a subau-
tomaton of Gy = (QQ, 277(52,QQ2, ng) denoted G1 C G
if and only if

Q1 C Q2. 901 = qo2, @m1 = Qm2 N Q1, and
01 = 02 when restricted to Q1. ©

Now the state controllability definition.

Definition 5: Let X, C X, with 7 € X,,. Subautomaton
H of G is state controllable in G if

Vs for which dg(q,, s)! and Vg € d5(qo, s) and Vo €

Yu, ¢ €dc(q,0) = ¢ €dulq,0) ©

State controllability as a property, however, is not suf-
ficient to provide that the subautomaton H represents a
deterministic control law with respect to G. If the same
observed string leads to two different states, those two states
could require conflicting control actions. As such, we need
a new observability type requirement.

Definition 6: Let ¥, C 3. Subautomaton H of G is state
observable in G with respect to the event set 3. if

Vs for which dg(q,, s)! and Vg € d5(q,, s) and Vo €
Y., P-(s)o € L(H) and ¢’ € §¢(q,0) = ¢ € éulgq,0) ©

Taken together, state controllability and state observability
provide that H represents a deterministic control law with
respect to G. This is demonstrated formally by the following
theorem that shows that a deterministic automaton H
that generates and marks the same languages as H will
produce a result that is bisimulation equivalent to / when
it is composed with G. In essence, H,,; can be considered
a supervisor that achieves the specification represented by
the nondeterministic automaton H for the nondeterministic
plant model G. Similar results for generating control for
bisimulation equivalence can be found in [24] and [25],
but none demonstrate the following specific result. Here we
implicitly assume the states of the automata are reachable.

Theorem 4: Let H and G be nonempty (possibly non-
deterministic) automata such that H T G and H is state
controllable and state observable in G. If H,, is a de-
terministic automaton for which L(H,) = L(H) and
Lo(Hops) = Ly (H), then the synchronous composition
H,||G is bisimulation equivalent to H.

Proof: See proof in [26]. |

The above theorem also provides a connection to the
results and language-based requirements of Section IV-A.
Therefore, a new set of requirements can be expressed in
terms of a nondeterministic automaton model of our filter:



R1) Hypy, ; is a nonblocking subautomaton of Bj ,
R2') Hgy, ; is state controllable and state observable in B; ,
RS/) Erel(Hﬁlt,j) = ]

These results imply that a determinized version of the
automaton Hyy, ;, which we will denote Hgy j ops, Will meet
the previously established requirements R1, R2, and R3.
Specifically, conditions R1’ and R2’ together with Theo-
rem 4 mean that Hy; ; .»s||Bj,o is nonblocking since it is
bisimulation equivalent to Hypy, ;. Therefore, requirement 21
is satisfied. Furthermore, since Hyy, ; is state controllable, the
generated language L(Hjy, ;) is language controllable. This
then implies that £(Hjy j 0ps) is also language controllable,
thereby satisfying requirement R2. Also, R3’ are R3 are
equivalent.

Thus far we have demonstrated that determinized versions
of the filter automata Hg;, ; meeting requirements R1', R2,
and R3’ will provide safe, nonblocking control when acting
in conjunction with traditionally built modular supervisors.
However, we would like to avoid the determinization process.
Since the nondeterministic filter automata Hyy, ; possesses all
the information that Hgy, ; 55 does, it turns out that Hyy ; o
never actually has to be constructed. However, the control
required by the automaton Hg, ; cannot be implemented via
the synchronous composition operation. Rather, following
the observation of a string s, all continuations active at all
states reached by strings with the same observation must be
allowed. In essence, we are using Hpy, ; to generate an online
implementation of Hyy ; ops- In order to make this more clear,
consider the automaton G, in Fig. 2. If we consider G, to be
a nondeterministic representation of a deterministic control
law, then following an observation of the string ab we do
not know if we are in state 3 or state 4, therefore, we have
to allow both event ¢ and event d to occur.

The bisimulation equivalence result also allows the com-
position Hgy, 5. ops / B; . to be replaced by the subautomaton
Hgy, ; in the course of the overall CRP.

Having established that we can employ a filter law rep-
resented by a nondeterministic automaton, the final question
that remains is how to construct Hgy, ; so that requirements
R1’, R2', and R3’ are satisfied. Since we are ultimately
trying to find a subautomaton, we are in essence trying to
find a static state-feedback law. In other words, the control
we apply depends only on the state we are in, not on the path
we took to get there. It is well-established that a static control
law is more restrictive than a dynamic control law in the
case of partial observation [27], however, we are willing to
make this sacrifice in order to avoid exponential complexity.
Specifically, we can adapt to the nonblocking case existing
state-feedback approaches, for example [28], that partition
the state space into sets of equivalent classes that have
the same observation when viewed through a “mask.” The
details of an adapted approach to state-feedback control are
presented in [26] where it is shown that the approach has
polynomial complexity and is more permissive than existing
static state-feedback methodologies.

V. COMPREHENSIVE EXAMPLE

In this section we will demonstrate our approach for
generating nonblocking modular supervisory control through
a Flexible Manufacturing System (FMS) example modified
from [29] and shown in Fig. 4. The machines Con2, Robot,
Lathe, Con3, PM, and AM can be thought of as components
of the open-loop plant. The buffers B2, B4, B6, B7, and B8
can be thought of as the component specifications for the
system where it is desired that the buffers do not underflow
or overflow. The automata models for these machines and
buffers are given in Fig. 5 and Fig. 6 respectively.

Robot :

Con3: 71
72
)

Automata modeling the components of the open-loop plant

Fig. 5.

In these automata, odd labels represent controllable events
and even labels represent uncontrollable events. Additionally,
all automata have the same event set X, though only relevant
events are pictured.

Following the Conflict Resolution Procedure, the modular
supervisors for this system are Hy, Hy, Hg, H7, and Hg,
where the subscript refers to the corresponding buffer spec-
ification. Addressing the supervisors in the order 6 — 7 —
4 — 8 — 2, blocking is not detected until Hg, is added
to the composition. Therefore, the blocking composition
Bi. = (Hé,allH7,0)allHa,a)al|Hs,o becomes the “plant”
for the filter construction procedure. The automaton B 4 is
nondeterministic and a nonblocking, state controllable, and



Fig. 6. Automata modeling the component buffer specifications

state observable filter automaton can be constructed by the
procedure of [26].

The resulting filter Hg,q is a subautomaton of
((Ho,ullH7,0)allH4,0)al| Hs,q, and the resulting supervised
behavior Hiy 1,obs||((He,a || H7,0)al|Ha,0)al| Hs,q is bisimula-
tion equivalent to Hpy, 1. Therefore, the composition can be
replaced by Hyy, 1 and Hpy, 1 055 never has to be constructed.
Finally, it turns out that (Hj,1)q||H2,q is nonblocking so no
further filters are needed.

The resulting modular control achieved by the five original
modular supervisors along with the conflict-resolving law
Hpy,1 satisfies the given specifications in a nonblocking
manner, though the resulting control is more restrictive than
the monolithic solution. The modular solution allows five
pieces to be processed by the FMS at a given time, while
the monolithic solution allows six. This loss of optimality,
however, is often worth the reduction in complexity the
modular approach provides.

An indication of the complexity of the modular solution
in the above example is that the largest automaton that had
to be built was Hg || H7,, which had 136 states and 405
transitions. In the monolithic approach, the composition of
all machines and buffers leads to an automaton with 13,248
states and 46,424 transitions. State size of course does not
completely define the complexity of this approach and is
something that must be investigated further.

VI. CONCLUSIONS

This paper has proposed a new approach for resolving
conflict among traditionally-built modular supervisors. Re-
quirements are presented for conflict-resolving filter laws that
guarantee safe, nonblocking control. It is also proposed that
a state-based approach to control be employed for the filter
laws to avoid exponential complexity. The coordinating fil-
ters are constructed based on conflict-equivalent abstractions,
which offer the potential for a greater reduction in state-size
than existing work on conflict resolution. A manufacturing
example is also presented showing the overall potential of
this approach.
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