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Abstract

Most of the large scale state transition (also called discrete-event) systems are formed as parallel compositions of many small
subsystems (modules). Control of modular and distributed discrete-event systems appears as an approach to handle computational
complexity of synthesizing supervisory controllers for large scale systems. For both modular and distributed discrete-event systems
sufficient and necessary conditions are derived for modular control synthesis to equal global control synthesis, while enforcing
a safety specification in an optimal way (the language of the controlled system is required to be the supremal one achievable
by an admissible controller and included in a safety specification language). The two cases of local (decomposable) and global
(indecomposable) specifications are considered. The modular control synthesis has a much lower computational complexity than
the corresponding global control synthesis for the respective sublanguages. The complexity is compared using explicit formulas.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Supervisory control; Modular discrete-event system; Distributed discrete-event system

1. Introduction

The purpose of the paper is to present an overview of recent results together with new results on control of modular
(also called concurrent) and distributed discrete-event systems. Discrete-event systems (DES) are event-triggered
dynamical systems which are studied in computer science with applications in manufacturing, communication
networks, but also in software engineering (automated system design). In particular the various types of state transition
systems (automata, Petri Nets, process algebras) are typical instances of DES. The topic of modular DES arises
because of an increasing complexity of engineering systems, in particular of computer and communication networks.
There is a strong need for system theoretical treatment of modular DES motivated by these emerging application fields.
Control of discrete-event systems is a natural generalization of their verification that is now very well established for
both finite and infinite-state transition systems.
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In computer science the problems of supervisory control synthesis are studied as automated synthesis. In control
theory for DES the goal is not to verify the specification, but to impose it by means of a supervisor that runs in
parallel with the original system. The supervisor is chosen such that the composed system meets the specification.
In the Ramadge—Wonham framework it is an automaton which runs in parallel with the original system and the
parallel composition of the original system with the supervisor (called closed-loop or controlled system) meets
the specification given mostly by a language or a logical formula. In this way the specification is imposed on the
controlled system. Game theoretic framework for control of DES is used in [26], where infinite behaviors and u-
calculus specifications are considered. In [14] branching time controllers that ensure bisimilarity of the controlled
nondeterministic system with the specification are considered.

Although most of the verification and control problems for finite-state transition systems are decidable, the high
complexity of most control and verification problems makes them practically difficult. Moreover, there are undecidable
control problems for decentralized DES [15,23]. In order to limit the high computational complexity of (global)
control synthesis efficient methods for component-based control synthesis are developed. Synthesis of modular and
distributed systems has also been treated by computer scientists, see for example [17].

The novelty of the paper is in the following results: the necessary conditions for commutativity between parallel
composition and supremal sublanguages (Theorems 4.7, 5.9 and Corollary 5.11), necessary conditions in the case of
global (indecomposable) specifications (Theorems 6.7, 7.4 and Corollary 7.5), and necessary and sufficient conditions
for commutativity between languages of the controlled systems with respect to the so-called antipermissive control
policy in the case of global specification (Theorems 5.16 and 7.8). Sufficient conditions are derived using the
coinductive proof principle. Our earlier results, where necessary and sufficient structural conditions for local to equal
global computation of supremal sublanguages differ in case of modular and distributed DES with global specification
languages, are sharpened by showing that the (weaker) necessary conditions of [7] and [8] are also sufficient.

Because this paper aims at readers from the theoretical computer science community, there is an additional tutorial
text in Section 2 for computer scientists on the concepts and results of control theory for discrete-event systems. This
paper is the extended version of the paper [11].

The paper has the following structure. The next section is an introduction to supervisory control. In Section 3 a
coalgebraic approach used in the sufficiency proofs is briefly recalled. Section 4 is devoted to modular control with
complete observations and with decomposable specification languages. In Section 5 the case of a distributed DES and
a decomposable specification is treated. In Section 6 the case is discussed of a modular DES with an indecomposable
specification. Finally in Section 7 the case of a distributed system with an indecomposable specification is treated.
The complexity issues are discussed in Section 8. In Section 9 concluding remarks are proposed.

2. Control of discrete-event systems—Introduction

In this section basic notation and terminology of supervisory control is recalled. The notation used in this paper is
mostly taken from the lecture notes of Wonham [27] and the book [2].
A (deterministic) generator

G =(Q. A, f. 9. Qn).

is an algebraic structure consisting of a state set Q, an event set A, a partial transition function f : Q x A — Q,
an initial state qo € Q, and a subset of marked states Q,, C Q. A transition is also denoted as ¢ > gt = f(q,a).
If a transition is defined then this is denoted by f (g, a)! Denote by A* the set of all finite strings of elements of
the alphabet A and the empty string €. Extend the transition function f to f : Q x A* — Q by induction. Define
respectively the language and the marked language of the generator as,

L(G) ={s € A%[f(q0, )}, Lm(G)={s € L(G)If(q0.5) € Om}.

Note that unlike L,,(G), L(G) is always prefix-closed. The prefix closure of a language K < A* is denoted by
prefix(K). We often abuse notation and write L instead of L(G). The tuple of languages (L,,(G), L(G)) will be
called the behavior of the generator. The system is said to be nonblocking if the prefix closure of the marked language
L,,,(G) equals the language L(G). This is equivalent to the property that every string of the system, s € L(G), can be
extended to a marked string, thus there exists a string v € A* such that sv € L,,(G).
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A controlled generator is a structure

(G, A, I',), where,
G  is a generator,
A. C A s the subset of controllable events,
A, = A\ A, isthe subset of uncontrollable events, and
I.={S C A|A, C S}, iscalled the set of control patterns.

A supervisory control or a supervisor for the controlled generator is a map S : L(G) — I,. S(s) is the subset
of events that the supervisor enables after string s has been generated by G. The closed-loop system associated with
a controlled generator and a supervisory control as denoted above is defined as the language L(S/G) € A* and the
marked language L,,(S/G) € L(S/G), which are the smallest sublanguages satisfying,

(1) eelL(S/G),
2y ifs e L(S/G)andifa € S(s) such that sa € L(G)
then sa € L(S/G);
Lnu(S/G) = L(S/G)N Lpu(G).

Note that at the automata level the supervision is implemented by the parallel composition (synchronous product) of
the generator and the supervisor. The supervisor must be such that if an uncontrollable event is defined in a state of
the uncontrolled system then it must be defined also in the corresponding state of the supervisor so that this event
is not disabled by synchronizing the uncontrolled system with the supervisor. This can be achieved via the so-called
prioritized synchronous composition. Since we work with behaviors of deterministic automata, the original language
framework introduced by W.M. Wonham is chosen.

Problem 2.1 (Supervisory Control Problem). Consider a controlled generator (G, A, I) and a specification
sublanguage K C L,,(G). Does there exist a supervisor S such that the closed-loop system satisfies (1) L,,,(S/G) =
K and (2) L(S/G) is nonblocking?

Because often the specification sublanguage K contains only the safe strings, thus the unsafe strings are excluded, the
control objective (1) of the above problem is called the safety control objective. Not every language can be exactly
achieved by a supervisor. The property called controllability is needed.

Definition 2.2. A language K € A* is said to be controllable with respect to plant language L = L(G) and alphabet
A, if Vs € prefix(K) and Va € A, such that sa € L we have that sa € prefix(K). Equivalently, if

prefix(K)A, N L C prefix(K). (D

Theorem 2.3. (Due to Ramadge, Wonham, See [20].) There exists a nonblocking supervisory control S for a generator
G such that L,,,(S/G) = K and L(S/G) = prefix(K) if and only if

(1) K is controllable with respect to L(G) and A, and
(2) K = prefix(K) N L,,(G) (then one says that K is L,,(G)-closed.).

As a corollary for prefix-closed specifications:

Corollary 2.4. Let § # K < L,,(G) be prefix closed. There exists a supervisory control S for G such that
Ly,(S/G) =K and L(S/G) = K if and only if K is controllable with respect to L(G) and Ay.

The corresponding supervisory control S : L(G) — I is:
S(@s)=A,U{a € A, : sa € prefix(K)}.

Note the abuse of notation, where the same symbol is used to denote a supervisor and a control law. This is justified
by the fact that, considering a supervisor, the control law is described by the transition function of the supervisor
in the form of the set of enabled active events after string s has been processed by the supervisor. Most often one
is concerned only with the safety issue, i.e. the controlled behavior must be included in the specification language
hence L(S/G) € K. This is why for specifications which are not controllable, supremal controllable sublanguages
are considered. The notation sup C(K, L, A,) is chosen for the supremal controllable sublanguage of K with respect
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to L and A,. This language always exists, it is the union of all controllable sublanguages because controllability is
preserved by language unions [29].

A discrete-event system is said to have complete observations if all events are observed and are available for the
supervisory control. A discrete-event system is said to have partial observations if only a strict subset of the events
are observed and are available for the supervisory control. A modular discrete-event system is a system consisting of
a composition of two or more subsystems where each subsystem or module has complete observations of its (local)
events. A distributed discrete-event system is a system consisting of a composition of two or more subsystems where
at least one subsystem has only partial observations of its events.

In the presence of partial observations additional issues appear. A generator with partial observations is a structure
(G, A,) where G is a generator, A, C A is called the subset of observable events, and A,, = A\ A, is called the
subset of unobservable events. In this case one defines the natural projection as morphism of monoids P : A* — A”
such that P(a) = P(¢) = e fora € A,, and P(a) = a fora € A, . Hence, P erases the unobservable events. Note
that the supervisor cannot distinguish between two strings with the same projections, i.e. after two such strings the
same control law must be applied. Therefore, a supervisor with partial observations is a map S : P(L(G)) — ..
Define also the inverse projection pL. Pwr(A}) — Pwr(A*) on subsets of strings or languages.

Let K be a specification language. The supervisory control with partial observations is defined as:

S(s) =A,U{a € A, : 3’ € prefix(K) with P(s") = s and s'a € prefix(K)}. (2)

This original control law is nowadays called permissive, because in order to allow an a-transition in G after string
s is observed it is sufficient that there exists one indistinguishable string s’ which can be prolongated by a within
the specification, while there might exist another indistinguishable string s” whose a-prolongation leaves the prefix-
closure of K. In other words this permissive control policy yields in general a larger language than the specification,
which is not desirable if safety properties are expressed by the specification. Therefore the dual control policy (called
antipermissive) will be studied in the next sections. Note that at the automata level in the presence of partial observation
only selfloops are allowed for supervisor’s transitions labelled by unobservable events, because the set of enabled
events, encoded by the supervisor’s transition function, cannot change with an unobservable transition. Let us remark
that the prefix-closed language L(S/G) € A* and the marked language L,,(S/G) € L(S/G) are defined in the same
way as above (for the case of complete observations) except that in the condition (2) for sa € L(S/G),i.e.fora € A
to be enabled after s € L(G) has been generated, it is required that a € S(P(s)) instead of a € S(s). More details can
be found in the proof of the so-called controllability and observability theorem in [2], pages 192—194.

The additional property needed to exactly achieve a specification language by a supervisor with partial observations
is called observability.

Definition 2.5. The sublanguage K C L is said to be observable with respect to the plant language L and the
projection P if

Vs, s € prefix(K), Ya € A,

sa € L, s'a € prefix(K), and P(s) = P(s') = sa € prefix(K). 3)

Theorem 2.6 (Due to F. Lin and W.M. Wonham, See [16]). Consider a generator with partial observations. There
exists a nonblocking supervisory control S with partial observations such that L,,(S/G) = K and L(S/G) =
prefix(K) if and only if

(1) K is controllable with respect to L(G) and A,,
(2) K is observable with respect to L(G) and P, and
3) K =prefix(K) N L, (G). (K is L,,,(G)-closed.)

Unfortunately, unlike controllability, observability is not preserved by language unions. This is why a stronger
property, called normality, has been introduced.

Definition 2.7 (/2]). Consider a controlled generator with partial observations and a specification sublanguage
K C L,,(G). Call the specification sublanguage K (L, P)-normal if

prefix(K) = p! P(prefix(K)) N L. 4)
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It is known that normal languages are closed with respect to unions, hence the supremal normal sublanguage of K
always exists, it is the union of all normal sublanguages of K and it is denoted by supN(K, L, P).

Recall finally that in the case A, € A, normality coincides with observability. This assumption is widely accepted
in the computer science community, where unobservable actions are supposed to be uncontrollable.

For control problems with partial observations and a safety control objective, supremal controllable and normal
sublanguages are important.

Recall that the synchronous product (also called the parallel composition) of languages L1 € A} and Ly C A7 is
definedby L =L || L, = O?ZIP;I(LL') C A*, where P; : A* — AY, i = 1,2 are natural projections to the local
event sets.

Definition 2.8. Consider two generators,

G = (01, A1, 1,910, Q1,m)s G2 =(02, A2, f2,92,0, Q2.m).

Their synchronous product is the generator

GilG2 = (Q1 x Q2, A1 U A2, £, g0, Om),
q0 = (91,0, 92,0)» Om = O1,m X O2.m,

(fi(q1,a), fr(q2,a)) ifae€ AjN A,
fi(gi,a)! fori =1,2,

fq1,q2),a) = § (f1(q1, ), q2), ifae A\ Az, fi(q1,a)!
(q1, f2(q2, a)), ifa e A\ A1 f2(q2, a)!
undefined, otherwise.

It can then be proven that,
L(G111G2) = L(GDIIL(G2), Ln(G1llG2) = Lin(GDIILim(G2).

Denote for n € Z the set of the first n positive natural numbers by Z, = {1, 2, ..., n}. Then Definition 2.8 can be
extended from n = 2 to generaln € N, n > 2.

Definition 2.9. A modular discrete-event system (also called a concurrent discrete-event system) is the synchronous
product of two or more modules or local subsystems in which each module has complete observations of the state of
its own module but does not have observations of the states of other modules unless it shares events with these other
modules. Mathematically, a modular discrete-event system with n € Z modules is a structure {G;, A; ¢, Aj o, [c. i €
Zy} consisting of n controlled generators. The associated global system is the synchronous product of the modules or
the local subsystems, [|”_, G;. Denote the natural projections by P; : (U;?zlA ) — Afforalli € Zy.

A distributed discrete-event system is a structure as above consisting of n controlled generators where at least one
of the modules has only partial observations of that module.

3. Automata in terms of coalgebra

In this section generators introduced above are formulated in a coalgebraic framework. This was first done by
J.J.M.M. Rutten, who called them partial automata, and his framework will be used in this paper. The transition
function together with the output function can be viewed as a coalgebraic set functor.

Now we recall from [21] that partial automata are coalgebras of a special functor in the category of sets with
functions as morphisms. Denote by = {J} the one element set and by 2 = {0, 1} the set of Booleans.

A partial automaton is a pair S = (S, (0, 1)), where S is a set of states, and (0,7) : S — 2 x (ff +S)4 isa
pair of functions consisting of an output function 0 : S — 2 and a transition function r : S — (ff +5)4. The
output function o indicates whether a state s € S is accepting (or terminating): o(s) = 1, denoted also by s |, or not:
o(s) = 0, denoted by s 1. The transition function ¢ associates with each state s in S a function #(s) : A — (ft +9).
The set f} +S is the disjoint union of S and ). The meaning of the state transition function is that ¢ (s)(a) = @ iff
t(s)(a) is undefined, which means that there is no a-transition from the state s € S. #(s)(a) € S means that the
a-transition from s is possible and we define in this case 7(s)(a) = s,, which is denoted mostly by s 5 Sq. This
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notation can be extended by induction to arbitrary strings in A*. Assuming that s 5 s, has been defined, define s —
iff (sy)(a) € S, in which case sy, = 1(sy)(a), also denoted by s = Swa- It is easy to see that partial automata are
coalgebras of the set functor F =2 x (f +(.) )4,

A homomorphism between partial automata S = (S, (o, t)) and
S = (5, (0, 1)) isafunction f: S — S with, foralls € Sanda € A:

o' (f(s)) = o(s) and s —> s, iff f(5) > f(sa),

in which case: f(s)g = f(s4).

! s

\
a+p* f , 2
0
t/ /
(ﬂ +S/)A — S/
A partial automaton S’ = (8, (o', 1)) is a subautomaton of S = (S, {0, t)) if &' C § and the inclusion function
i : 8 — S is a homomorphism.

A bisimulation between two partial automata S = (S, (0, t)) and S’ = (&', (0, t)) is arelation R C S x S’ with,
foralls € Sands’ € S":

o +54

1) o(s) = o(s'), ie.s | iffs’ |
if (s,s’) € Rthen {(ii)Va e A: s > = (s’ = and (Sq,s,) € R,) and
(iiy)Vae A: s 5 = (s> and (s,,5.) € R).
We write s ~ s' whenever there exists a bisimulation R with (s, s’) € R. This relation is the union of all bisimulations,
i.e. the greatest bisimulation also called bisimilarity.

3.1. Final automaton of partial languages

Below a partial automaton of partial languages over an alphabet (input set) A, denoted by £ = (L, {0z, tr)), is
recalled. More formally,

L={(V,W)|VCWCA* W #0@, and W is prefix-closed},

and the transition function tp : £ — ({ +£)’f is defined using input derivatives. Recall that for any partial language
L= L*» el L, = (L. L2), where L, = {w € A* | aw € L'}, i = 1,2.Ifa ¢ L? then L, is undefined.
Given any L = (L', L?) € L, the partial automaton structure of £ is given by:

1 ifeelL! L, if L, is defined
ifee and 1£(L)(a) = a U L, 1s define

L) =
oc(L) 0 ifeglL! ] otherwise.

Notice that if L, is defined, then L}J - lel, Lg # ¥, and Lg is prefix-closed. The following notational conventions
will be used: L | iff ¢ € L' and L = L, iff L, is defined (iff w € L2).

3.2. Final automata and coinduction

We recall from [21] that the partial automaton £ is final among all partial automata.

Theorem 3.1. The partial automaton L = (L, {og,tr)) is final among all partial automata: for any partial
automaton S = (S, (o, t)) there exists a unique homomorphism 1 : S — L. This homomorphism identifies bisimilar
states: for s, s’ € S:1(s) =1(s") iff s ~ 5.

As a consequence, L satisfies the coinductive proof principle.

Theorem 3.2. L satisfies the principle of coinduction: for all K and L in L, if K ~ L then K = L.
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Another consequence of finality of £ is that coinductive definitions can be used: definition by coinduction of an op-
eration on partial languages is done by defining the same coalgebraic structure on this operation: i.e. input derivatives
and output functions. The coinductive definition of supremal controllable sublanguage and synchronous product will
be needed. For the synchronous product we assume that K is defined over the alphabet A; and L over A,. Then the
synchronous product K || L is a partial language over A; U A, with the following coinductive definition:

Definition 3.3 (Synchronous Product).
K, L, ifaeAiNA;
(Kl La=1K, | L ifae A\ A2
K| L, ifaeA\ A
and (K || L) | ifandonlyif K | and L |.

In the definitions below A, C A denotes the subset of the uncontrollable events. Now we recall from [10] the follow-
ing binary operation on partial languages:
Definition 3.4 (Supremal Controllable Sublanguage). Define the following binary operation on (partial) languages
forall K, L € £ and Va € A:
Ko/SCLy if K= and L 5

andif Yu € A} :

Ly = K, >
] otherwise

(K/3C L) =

and (K/5°L) Liff L | .

We have shown in [10] that for a partial order that considers only second (prefix-closed) components of the languages
involved:

Theorem 3.5.
(K/5L) = supC(K, L, A,) (5)
= sup{M < K| Mis controllable with respect to L, A,}, (6)
ie. K/ ifL equals the supremal controllable sublanguage of K.

More details about coinduction and finality can be found in [22] or [21].
4. Modular supervisory control with a decomposable specification

In this section the concurrent behavior of the modules {G;, i € Zy} is considered. This case arises in applications
and was often studied from the late 1980s: e.g. [30,28,25,3,18,19] etc. In the first papers on the topic, the input
alphabets of all local components were identical [30]. The general case of different local input alphabets has been
studied in [28], where shared events are supposed to be controllable. This assumption has been generalized recently in
[25] to the condition that the shared events must have the same control status for all subsystems that share a particular
event. Very little attention has been payed so far to the distributed control. A special case of it was studied in [18].

Consider the local alphabets of these subplants, {A;,i € Z,}, which are not necessarily pairwise disjoint. Denote
the partition of the local alphabet into the subset of controllable events, A;., and the subset of uncontrollable events,
Ajy, by Aj = Ajy U A foralli € Zy,.

Definition 4.1. Consider a modular DES. The local plants {G;, i € Zy} agree on the controllability of their common
events if

Ay NAj=A;NAj, Vi, je Do, @)

This definition stemming from [25] means that the events shared by two modules or local subsystems must have the
same control status for both controllers associated with these subsystems. In the following it will often be assumed that
the modules satisfy the condition of agreement on the controllability of their common events. Denote A, = U?_, A;..
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The assumption on the agreement on common events implies that A;. = A, N A;. Also, if we denote A, = Uflzl Aiu
then we still have the disjoint union A = A, U A, due to the assumption of agreement on the controllability of
their common events. Denote by A = U;’: 1A the global alphabet and by P; : A — A; the projections to the local
alphabets. The concept of inverse projection PI._1 : Pwr(A;) — Pwr(A) is also used.

The local plant languages or the languages of the modules will be denoted by {L;,i € Z,} and the local
specification languages by {K;,i € Z,}. We assume in this section that the global plant L and the specification
K languages are decomposable into local plant and local specification languages: L =||7_, L; and K =||”_, K;. This
formulation is equivalent to the following definition.

Definition 4.2. Consider a modular DES. One says that L C A* is decomposable with respect to {P;, i € Zy} if
L =|{_; Pi(L).

Proposition 4.3. Consider a modular DES. L C A* is decomposable with respect to { P;, i € Zy} if and only if there
exists {L; C AY,i € Zy} such that

L=|"_, Li =00_ (P)""(Ly). (8)

Proof. (=) It is sufficient to consider L; := P;(L).
(&)L =|_, Li=0N]_, (P)~ (L), then it follows from properties of projections that

P(L) € L; N m,-;é,-P,-ij‘(Lj) C L, Vi € Zy.
Thus we have that,
17 P (L) = N{_ (P~ 'P;(L) € N, PN (L) =L,

by our assumption. The first inclusion follows from the fact that P;(P;)~! is identity and that projection of an

intersection is contained in the intersection of projections. The inclusion L € N?_, P;l (P;(L)) is obvious. [

Note that P;(L) S L; for all j € Z, means that for any tuple of languages {L; € A}, i € Z,} such that
L =|"_, L; we have P;(L) L’j forall j € Zy, i.e. {P;(L), i € Zy} is the smallest possible decomposition of L
into local languages.

Definition 4.4. Consider a modular discrete-event system and either a global specification language or a family of
local specifications. From the local specifications one can always compute the global specification as described above.

Global control synthesis of a modular discrete-event system is the procedure by which first all modules are com-
bined into the global plant and then control synthesis is carried out as described in Section 2. This can refer to either
computation of a supervisor which meets the specification or to the computation of the supremal (safe) supervisor.

Modular control synthesis of a modular discrete-event system is the procedure by which control synthesis is carried
out for each module or local subsystem. The global supervisor formally consists of the synchronous product of the
local supervisors though that product is not computed in practice.

In terms of behaviors, the optimal global control synthesis is represented by the closed-loop language
Sup C(Kv Ls Au) = Supc(||7:1 Kiv ”?21 Liv Au),

using the operation supremal controllable sublanguage sup C(K, L, A,) defined in the last sections. Similarly,
modular control synthesis yields in terms of behaviors

I7_; supC(K;, Li, Ajy).

Problem 4.5. Consider a modular discrete-event system and a decomposable specification language. Determine
necessary and sufficient conditions with respect to which modular control synthesis equals global control synthesis
for the supremal controllable sublanguage within the specification language. Equivalently,

I7_; supC(K;, Li, Ai) = supC(|l'_; Ki, iy Li, Aw). )

Later in the paper also the problems are investigated of when modular control synthesis equals global control synthesis
for the supremal normal sublanguage, for the supremal controllable and normal sublanguage, and for the closed-loop
language in case of an antipermissive control policy.
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There exists an example which establishes that modular control synthesis does not equal global control synthesis
in general. Theorem 4.7 provides necessary and sufficient conditions for modular control synthesis to equal global
control synthesis. This problem has been studied algebraically in [25]. The concept of mutual controllability [25]
plays the key role.

Definition 4.6. Consider a modular DES. The modular plant languages {L; C A*, i € Z,} are called mutually
controllable if

prefix(L;)(Aj, NA;) N Pj(P,-)_lpreﬁx(Li) C prefix(L;),Vi, j € Zn, i # j. (10)

Note that both local and global plant languages are typically prefix closed, in which case the prefix closures above can
be removed.

Mutual controllability can be viewed as local controllability of the modular plant languages with respect to the
shared uncontrollable events; thus, for all i, j € Z, with i # j, the modular language L is controllable with respect
to the shared uncontrollable events (A, N A;) and the local view of the other module (Pi(Pj)’l(L j)) as the new
plant. This condition is important for modular computation of global supremal controllable sublanguages.

The computational complexity of checking mutual controllability is much lower than that of checking
controllability of a sublanguage over the global alphabet.

Theorem 4.7. Modular control synthesis equals global control synthesis for the supremal controllable sublanguage
in the case of a modular DES. Assume that the local plants agree on the controllability of their common events.

If the local plant languages {L; C A, i € Z,} are mutually controllable then for any decomposable specification
KCL

I7_; supC(K;, Li, Aj) = supC(lI'_; Ki, I7—; Li, Aw). (11)

Conversely, if for fixed local plant languages {L;, i € Z,} Eq. (11) holds for any {K; C L;,i € Zn} then, for all
i € Zy, P;(L) is controllable with respect to L; and A;,; equivalently, then

Pi(L)A;, NL; € Pi(L),Vi € Zy. (12)

Proof. The sufficiency part is due to K.C. Wong and S.-H. Lee, see [25]. We have proposed a coalgebraic proof in [4]
and [9].

It remains to prove the necessity part of the theorem. Assume now that for fixed local plant languages {L;, i € Z,}
Eq. (11) holds for any local specification languages K; € L;. Then it holds in particular for K; := P;(L). Since L
and K are decomposable we have

n n
L = ()P 'P(L)=( )P 'Ki = K. (cf. Proposition 4.3). (13)
i=1 i=1
L =K =supC(L,L, A, =|"_, supC(P;(L), L;, Aix)
= M P (sup C(Pi(L), Li, Aiw)),
L S (P) "(supC(P(L), Li. Ain). Vi € Z; (14)
Note that P;(L) € L;, Vi € Zy, because L is decomposable. Indeed
n
Pi(L) = P; (ﬂ P,-I(Li)) C P(P) (L) NN Pi(P) (L)) € Ly,
i=1

where the last inclusion follows from P;(P;)~'(L;) = L;.
By applying the projection on both sides of inclusion (14)
it follows from the monotonicity of projections that
P;(L) € P;(P) 'supC(Pi(L), L, Aiu) = supC(Pi(L), L;, Aiu) € Pi(L),
from the definition of supremal controllable sublanguages. Hence,
Pi(L) = supC(P;(L), Li, Aiw),

i.e. forall i € Zy, P;(L) is controllable with respect to L; and A;,. [
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Note that in the case, where for all i € Z, P;(L) = L; the necessary condition is trivially satisfied. See Section 8.1
for the comparison of the computational time complexity of global and modular control synthesis for the supremal
controllable sublanguage in the case of a decomposable specification.

Finally we show that mutual controllability is not a necessary structural condition, which is illustrated by the
following example, where the modular and global computation of supremal controllable sublanguage coincide for all
specifications, while mutual controllability does not hold.

Example 4.8. Let Ay = {a,u,u} and Ay = {a, u, us} with Ay, = {u, u} and Ay, = {u, ur}. Consider the local
plant languages L| = prefix(auuju*®) and L, = prefix(au*u;). Then for any local specifications K; € L; and
i = 1,2 we have supC(K;, L;, Ajy) = {¢} as well as supC(||”_, K;, |I7_; Li, Ay) = &, i.e. Eq. (11) holds trivially
true, while L1 and Lj are not mutually controllable. Indeed, auu € L1(A1,NA2)N P szl (L2)\ L1, which contradicts
mutual controllability. This shows that mutual controllability is not a necessary structural (specification independent)
condition.

5. Distributed supervisory control with a decomposable specification

In this section we consider the situation of a distributed plant, thus for which at least one module or subsystem
does not have complete observations but only partial observations. For each local plant, the local alphabet admits a
partition, denoted by A; = A, ; U Ay, Vi € Z, into locally observable and locally unobservable event sets. The
global system has observation set A, = U?_;A,; € A = U!_| A;. Globally unobservable events are denoted by
Auo = A\ A, and locally unobservable events by A,,; = A; \ A,,i. The projections of the global alphabet into the
local ones are denoted by P; : A* — AY, i € Zy. Partial observations in individual modules are expressed via local
projections Piloc : A7 — Ay ;. while the global projection is denoted by P : A* — A7,

Definition 5.1. Consider a distributed DES. The local plants are said to agree on the observability of their common
events if

Ao,,‘ﬂAj =AiﬂAoﬁj,Vi,j € Zy. (15)
5.1. Supremal controllable and normal sublanguages

In this subsection we recall a single step algorithm for computation of supremal controllable and normal
sublanguages from [10]. The concept of e-transitions is needed to formulate an observational indistinguishability
relation due to partial observations. Generators of DES are partial automata S = (S, (o, t)).

Definition 5.2 (s-Transition). For s € S we define s = s if 3t € A%, = s > 5, = 5.

Denote the initial state of the DES generator S by so. An auxiliary concept that reflects the fact which is due to
partial observations and it is not possible to distinguish between states is recalled from [10]:

Definition 5.3 (Observational Indistinguishability Relation on S). A binary relation Aux(S) on S, called the
observational indistinguishability relation is the smallest relation satisfying:

(i) (50, s0) € Aux(S)
(i) V(s,7) € Aux(S): (s = s’ and t = ') = (s', 1) € Aux(S)
(i) V(s, 1) € Aux(S) andVa € A, : (s 5 S and ¢ 5 ty) = (Sa,ta) € Aux(S).

Next we recall the concept of state-partition automaton, which we define here as follows.

Definition 5.4 (State-Partition Automaton). A partial automaton S is called a state-partition automaton if Vs € S:
s = (s0)w, = (s0)y, for w; € A* and v; € A* and Vs' € S: 5" = (s0)y, for v2 € A* with P(v2) = P(v;) there exists
wy € A* with P(wz) = P(wy) and 5" = (50) w,-

Since for P(w;) = P(vp) it is sufficient to put wy = vy, it is equivalent to require the condition of Definition 5.4 to
hold only for P(wy) # P(v1).

We assume that a partial language L is represented by a partial automaton S with initial state so. We mean by this
that the corresponding behavior homomorphisms / : § — L satisfies [(sg) = L. We recall [10]:
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Lemma 5.5. For any s, s’ € S: (s,s’) € Aux(S) if and only if there exists w,w’ € L such that P(w) = P(w’),
s = (s0)w and ' = (50)y. Moreover, if S is a state-partition automaton then Yv € L and s’ € S we have
((s0)v, s") € Aux(S) if and only if there exists v' € L such that P(v) = P(V') and s’ = (s¢),.

Remark 5.6. Since we deal with properties that depend only on prefix-closed languages we write in the sequel K and
L instead of prefix(K) and prefix(L).

Now we repeat a ‘single-step’ algorithm for the computation of supremal controllable and normal sublanguages from
[10] that will form the basis for our main results.

Algorithm 1. Let automata S and T representing K and L (with K C L), respectively, be such that S is a subau-
tomaton of 7" and S is a state-partition automaton. The transition functions of § and T are denoted by — and —,
respectively. Let us construct the partial automaton S = (S, (0, f)) with 7 denoted by —.

Define the auxiliary condition (*) as follows:
ifae Ay UAy thenVu € (Ay U Auo)*: Sa = = sa —1;
ifa € Ac N A, then Vs’ ~auxes) s © 8" — = s’ =51, in which case also Vi € (A, U A,p)*: s, — = s/ —1.

(1) Let S := {so}.
2) lfor any s € Sanda € A we puts = sq if s —a>1 and condition (*) is satisfied; and we put in the case s £, also
S:=SU{s.}.

(3) For any s € S we put o(s) = o(s).
As usual, we denote by [ the unique (behavior) homomorphism given by finality of L.
We can verify by coinduction that [10]:

Theorem 5.7. [(so) is the supremal controllable (with respect to L and A,) and
(L, P)-normal sublanguage of K.

5.2. Modular and global control synthesis for distributed DES

The problem is to determine necessary and sufficient conditions for modular control synthesis to equal global
control synthesis for a distributed control system. In Theorem 5.9 and Corollary 5.11 below a condition similar to
mutual controllability is needed. By analogy it is called mutual normality.

Definition 5.8. Consider a distributed DES. Local plant languages
{Li € A}, i € Zy} are called mutually normal if

(PYTIPl(Ly N Pi(P) (L)) C Li, Vi, j € L, i # j. (16)

Mutual normality can be viewed as normality of the local plant languages with respect to the local views of the other
plant languages. Let us introduce the notation sup CN(K, L, P, A,) for the supremal (L, P)-normal and controllable
sublanguage of K with respect to A,.

Using Algorithm 1 we have proven in [5] the sufficiency part of the following theorem:

Theorem 5.9. Distributed control synthesis equals global control synthesis for supremal controllable and normal
sublanguage in the case of a distributed DES. Assume that the local plants agree on the controllability of their
common events and on the observability of their common events.

If the local plant languages {L; S A}, i € Z,} are mutually controllable and mutually normal then for any
decomposable specification K C L

I7_, sup CN(K;, Li, P, Ap) = supCN(|’_; K, I/_; Li, P, Ay). (17)

1
Conversely, if for fixed local plant languages {L; i € Z,} Eq. (17) holds for any {K; < L;,i € Zy}, then
{P;(L), i € Zy} is such that (1) P;(L) is normal with respect to L; and Pl.IOC foralli € Zy and (2) P;(L) is
controllable with respect to L; and Ajy for all i € Zy.
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Proof. The complete sufficiency proof is available in [5]. Now we show the necessity part of the theorem. Assume
now that for fixed local plant languages {L; i € Z,} Eq. (17) holds for any local specification languages K; C L;.
Then it holds in particular for K; := P;(L). Since L is decomposable we have

n
L= ()P 'P(L)=K;
i=1

L = supCN(L, L, P, A,) =|?_, supCN(P;(L), L;, Pl-loc, A;iy). Thus,
L C (P)"'supCN(P;(L), L;, P, A;y)), Vi € Zy. Recall that (18)
P;(L) € L;, because L is decomposable. (19)
By applying projection P; on both sides of the inclusion (18)
it follows from the monotonicity of projections that
Pi(L) € Pi(P)"'supCN(Pi(L), L;, P/, Ai,) = supCN(Pi(L), L;, P/, Ap).

1 1

Also, sup CN(P; (L), L;, P, Aj,) € Pi(L),

1

from the definition of supremal normal sublanguages. Hence,
Pi(L) = supCN(P;(L), L, P{*, Aiu),

1
which means that for all i € Z,, P;(L) is controllable with respect to L; and A;, and P;(L) is normal with respect to
L; and Pi]°°. O

In [25] there is a procedure to change a plant which does not satisfy the mutual controllability condition to one that
satisfies it. It may be that a similar procedure can be found in the future for mutual normality. Nevertheless one cannot
hope to find a universal procedure how to make a set of local plant languages mutually normal. Indeed, in the shuffle
case mutual normality cannot hold as we show in the next section. However this is a much simpler case, where mutual
normality is not needed. In fact, we have

Corollary 5.10. Assume that the local alphabets are pairwise disjoint, i.e. AiNA; =0 foranyi, j € Zy withi # j.
Then
Iy sup CN(K;, L, P, Ai) = sup CN(II_, K. Iy Li, P Au). (20)

1

Proof. Note that in view of Theorem 5.13 (the shuffle case) mutual controllability is trivially satisfied and mutual
normality is not needed for this sufficiency condition. [

In the case where controllability is not an issue we obtain the following corollary.

Corollary 5.11. Distributed control synthesis equals global control synthesis for supremal normal sublanguages in
the case of a distributed DES. Assume that the local plants agree on the observability of their common events.
If{L; C Af, i € Z,} are mutually normal then

supN(Ili_y Ki, lli_y Li, P) =Ii_; supN(Ki, Li, P[). 1)
Conversely, if for fixed local plant languages {L;, i € Z,} Eq. (21) holds for any {K; C L;,i € Zy}, then
P; (L) are normal with respect to L; and Pl-loc, Vi € Zn. (22)

The proof of the above theorem for one direction depends only on the assumption that the local plants agree on the
observability of their common events. Hence the following corollary is obtained.

Corollary 5.12. If the local plants agree on the observability of their common events then we have
supN(l{_; Ki. 7~ Li. P) 2Il’_; supN(K;, L;, P*°). (23)

Theorem 5.9 is useful for the computation of (global) supremal controllable and normal sublanguages of large
distributed plants. If the conditions of the theorem are satisfied, then it is sufficient to compute local supremal
controllable and normal sublanguages and to synchronize these.
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The interest of this theorem should be clear: under the conditions which are stated it is possible to do the optimal
(least restrictive) control synthesis with partial observations locally, and this represents an exponential savings on the
computational complexity and makes in fact the optimal control synthesis of large distributed plants feasible.

In the sequel it will be shown that mutual normality cannot be satisfied in the so-called shuffle case (the case, where
event sets are pairwise disjoint). However this is a much simpler case where mutual normality is not needed. In fact,
we have

Theorem 5.13. Modular control synthesis equals global control synthesis in the shuffle case of a distributed DES.
Assume that the local alphabets are pairwise disjoint, i.e. A; N A; = 0 for any i, j € Zy withi # j. Then for any
decomposable specification K C L

I7_; supN(K;, Li, P/°°) = supN(ll/_; Ki, I}, Li, P). (24)

Proof. In the shuffle case mutual controllability is trivially satisfied and we show that mutual normality is not needed.
The proof relies on Algorithm 1 specialized to the case A, = A, i.e. A, = . We work with the behaviors (languages)
generated by the automata representations of the globally and locally supremal normal sublanguages resulting from
their computations according to Algorithm 1. The notation is as follows: let S representing K and T representing L
are such that S is a subautomaton of 7" and S is a state-partition automaton. The transition functions of S and T are
denoted by — and — 1, respectively. Algorithm 1 yields partial automaton S = (5, 7) with 7 denoted by — and its
behavior by 7 : § — L.

Similarly, for i € Zj, S; and T; representing K; and L;, respectively, are such that S; is a subautomaton of 7; and
S; is a state-partition automaton. The transition functions of S; and 7; are denoted by —; and —;, respectively.
Construction of Algorithm 1 yields partial automaton S; = (S;, (6, 7;)) with 7; denoted by — ;s and its behavior by
fi : S — L. The (common) initial state of S and T is denoted by so and for i € Z, the (common) initial states of S;
and T7; are denoted by 9(’) The transition function of S; and § is denoted by — and the transition function of 7; and
T is denoted by — . Therefore, I(sg) = supN(K, L, P) and for any i € Zy: l}(sé) =supN(K;, L;, Pl.l"c).

It is sufficient to show that

R = ((LI(s0)]v, I}y L (sp)1w) | v € A(s0)?)
is a bisimulation relation, from which the claim of the theorem follows by coinduction. From Corollary 5.12 it follows
that only one inclusion is to be shown.
Let [I(s0)ly >, i.e. condition (¥) of Algorithm 1 is satisfied. Note that [||”_, 7 (si)ly =I"_, [Fi(s)]y;» where
v; := P;(v). We show that Vi € Z, : [l~,- (sé)]vi —a>, ie. l; (sé)v[ 5. According to Algorithm 1 applied to S; and T;
we must show that condition (*) holds. Let a € A. Then there exists one and only one i € Z, such thata € A;. We

have two possibilities: eithera € A, ; ora € A,,;. We first take a € Ay, ; € Ayo. According to Algorithm 1 it is
sufficient to show that Yu; € AZOJ : (S(i))via —")i,- = (S(i))v,-a —L;il,-. In the shuffle case fora € A, ;i € Ay, we have

Vj#i: Pj(a) =¢.Letu; € AY .: (s(i))v,-a —u>’, Hence, v;au; € L; . We know that condition (*) holds for S, ie.

uo,i*

Yu € A, (50)va QN (50) va —Lil. In order to use this assumption it must be shown that (sg) 4 S forau e A,

i.e.vau € L =||7_; L;. Letus take u := u;. Then using once more the property of the shuffle case P;(u) = u;, while
Vj #i: Pj(u) =& We already know that vau € PflL,-, because v;au; = P;(vau) € L;. For any j # i we get
trivially : Pj(vau) = v; € L, because v € L. Therefore vau € L and (s0)yq 5. Thus, (s0)va —u>1, which means that
vau € K, i.e. vjau; = P;(vau) € K;. Equivalently, (S(%)via —14>i1i, which was to be shown.

Now leta € A,; C A, then we know that Vs” ~auxcs) (s0)v @ 8 % = s’ -5, in which case also Yu € Al
s, & = s/ 5. It must be shown that (56)v; S ie. Vg ~auxcs) () * 4" S, = ¢' =i, in which case also

sUj su . P Poa . . .. .

Yu; € AZU i q., =i = q. —1i. Let q' =auxs) (sé)v : q' —;. Since §; is a state-partition automaton, there exists
v € A¥ such that P!°(v]) = P!°(v;) and ¢' = (s}),;. Since ¢’ %, we have v/a € K; C L;. Then v'a € P (v}a).
Therefore v'a € Pl._l(L,-). We show that v'a € Pj_l(Lj) for all j # i. Indeed, P;(v'a) = v;. € L, because v’ € L.
Therefore v'a € ijl(L ;). Thus, v'a € L = N P! (L;). Since P(v') = P(v), we have (s0)y’ ~aux(s) (50)u-

From (s0)y -, and condition (*) of Algorithm 1, it follows that (sg),’ 5 = (s0) v —a>1, and also Yu € A}
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(50)va — = (50)ya —>1. But this implies that (sé)vg = ¢' =%y, because v'a € K =|7_, K, implies that
via = P;(v'a) € K;. We show also that Vu; € AZOJ: q. N q. _%;. Indeed, q. X means viauj € L;. Similarly
as fora € Ay, by considering u = u; € A%, we obtain using shuffle property that v'au € L, i.e. (s0)y/q = whence
(50)v'a — 1. But this means that v'au € K, i.e. viau; = P;(v'au) € K;, or equivalently ‘I(il —u>"1,-. O

Example and verification of sufficient conditions

The purpose of this section is mainly to illustrate our results with an example. Before starting with concrete
examples we consider several extreme cases of distributed DES. First of all, if all event alphabets are disjoint, the
so-called shuffle case, we notice that P; (Pj)_l (Lj) = A;" forany L; C Aj. This means that the condition of mutual
normality cannot be satisfied. In view of Theorem 5.13 this is not a problem.

On the other hand, it is obvious from the definition of mutual normality that in the case of full local observations
(all Pl.loc’s become identity mappings), mutual normality is trivially satisfied. Another extreme case occurs when all
subsystems have the same event alphabets. Then all the P;’s are identity mappings, i.e. the mutual normality becomes
usual normality between two languages in a slightly more general sense (the assumption is lifted that one of the
languages is a sublanguage of the other). This might justify why we call our condition mutual normality, it is a
symmetric notion of normality.

We show an example of a plant composed of two modules, where the commutativity between the supremal normal
sublanguages and parallel product does not hold. Therefore mutual normality does not hold either.

Example 5.14. Let A = {a, aj,az, 7,71, 02}, A = {a1, 11,4, t}, Ay = {ap, 2, a,t}, A, = {a1,az,a}, Ap1 =
{ai,a}, and A, 2 = {az, a}. Consider the following plant languages and specification sublanguages (the marked
languages are not considered):

Ky =1L K> Ly

2 S 2
(Kl)r (Kl)rl (K2)r (KZ)Q (LZ)T (L2)r2
o al ol
(Kl)w (Kl)rlal (K2)m (LZ)m (LZ)rza

We use the notation U; = supN(Ky, Ly, P[), Uy = supN(Kp, L, P)°), U = supN(Ky, Ly, P) |
supN(K3, Lo, leoc), and V = supN(K || K2, L1 || L2, P). We have trivially that U; = K| = L. It is easy to see
that U, = supN(K>, Lo, P21°°) = {e, 7, 7»}. Computing the parallel products K = K| | K and L = L1 || L, yields
K = L, i.e. we obtain trivially K = L = V as is shown in the diagram below, where U = U || U, is also computed:

(U2)< U2)r, U U K: K

1 Ufz 3 Kl’z
AL T N

U‘L'1a| U‘L’|T2 U‘L’2T1 K?:a Kr1a1 K‘L’|‘L’2 KT2‘L'1

T2 al\ alJ T2 GIJ al\

U11a|r2Uflr2a1Ur211a1 K‘L’|a1‘L'2 K‘L’|‘L’2a1K‘L’2T1a]

Thus, U # V, because U, 7Z>, while V; % . Therefore we only have the strict inclusion U C V and the commuta-
tivity studied in this paper does not hold for this example. According to Theorem 5.11 mutual normality cannot hold.
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Indeed, we have
(PP PI(L) N PP ™ (L) = o (trfar +art{ o)y,
but we have e.g. (71)" &€ L forn > 2.

Antipermissive control policy

The standard permissive control law is useful for safety control problems only if the specification is observable,
otherwise it yields infimal observable and controllable superlanguages of K. If K represents safety specifications then
these are violated if permissive control policy is applied.

There exists a dual control policy for DES with partial observations, called antipermissive. For the supervisor to
enable event a € A it is necessary that all indistinguishable events corresponding to this trace can be prolongated
within K (in permissive control policy it is sufficient that one of those strings can be prolongated within K). The
interest of the antipermissive control policy concerns the safety control objective and the fact that the synthesized
languages are observable languages which are in general larger than supremal normal sublanguages.

Denote by S4 the antipermissive control policy for a partial automaton S: S4 : P(L(G)) — [, where I is the
class of enabled events, also called control patterns (i.e. supersets of the event subset A, that are always enabled).
Algebraically, the antipermissive control policy is defined as follows:

ae€A.: Vs eprefix(K) N PlP(s)}

(s'a € L = s’a € prefix(K)) @

Sa(s) =A, U {
Similarly as for the permissive control policy, the supervisor marks all states that have been marked in the plant and
that ‘survive’ under supervision.

We have formulated in [10] a single-step algorithm for computation of closed-loop languages with respect to the
antipermissive control policy. This algorithm has been used in [6] for deriving sufficient conditions under which these
languages are preserved by modular (local) control synthesis.

Denote for all i € Z, by AP(K;, L;, Pl.loc) the closed-loop language corresponding to the local antipermissive
control synthesis (with local projection Pik’c, local DES L;, and local specification K;). Similarly, AP(||7_; K;, [I7_,
L;, P) stands for closed-loop language corresponding to the global antipermissive control synthesis.

In Theorem 5.16 a condition similar to mutual controllability [25] is used. By analogy it is called mutual
observability.

Definition 5.15. Consider a distributed DES. The local plant languages {L; C A}, i € Zy} are called mutually
observable if

Vi,j€Zy, i #j, Vs,s' € L; andVa € Aj. :

(sa € Pi(P)~(L;) and P°°(s) = P/**(s') and s’a € L;)

= sa € L;. (26)

Now we extend the main result of [6] where only sufficient conditions were presented.

Theorem 5.16. Modular control synthesis equals global control synthesis for the closed-loop language in the case of
local specifications using an antipermissive control policy. Assume that the modular plants agree on the observability
of their common events.

If the local plant languages {L; C A7, i € Z,} are mutually observable then for any decomposable specification
KCL

AP(Ii_; Kis 72y Lis P) =l_; AP(K;, Li, P/*°). @7
Conversely, if for fixed local plant languages {L; i € Z,} Eq. (27) holds for any {K; < L;,i € Z}, then
{P;(L), i € Zyn} are observable with respect to L; and A, ;.

Proof. The sufficiency part can be found in [6] by coinduction. In view of our previous results it is straightforward
to show that a necessary structural condition for local antipermissive control policy to equal global antipermissive
control policy is that AP(P; (L), L;, Pl.loc) = P;(L), which means that for alli € Z,, P;(L) is observable with respect
toL; and A;,. O
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6. Modular supervisory control with an indecomposable specification

In many engineering problems the specification is only defined globally and is not decomposable unlike the plant
language. An example is the specification for a communication protocol of a wireless network. In this section the case
of general specification languages that are neither necessarily decomposable nor contained in the global plant language
is studied. Necessary and sufficient conditions are found with respect to which handling of the global plant is avoided
for the computation of supremal controllable sublanguages of (global) indecomposable specification languages.

Consider a modular discrete-event system and assume that the local plants agree on the controllability of their
common events. Denote the global plant and the specification languages by L and K, respectively. In our setting, L is
decomposable into local plant languages: L = L || - - - || L, (note that the L; may have different alphabets). In most
of the works on this topic K is similarly decomposable into local specification languages and K C L. The general
case is when this condition is not satisfied and, moreover, K may not be included in L. This case has been studied in
[3], where the assumption that all shared events are controllable is used. A condition on K called G-observability was
needed for local synthesis of the supremal controllable sublanguage.

Instead of local specifications, the languages K; := K N Pfl (L;) are considered. These will play the role of local
components of specification languages, although their alphabet is the global alphabet A. They can be considered as
local over-approximations of K N L, because clearly K N L = N!_ K;.

Definition 6.1. Consider a modular DES. The modular plant languages {L;, i € Z,} are called globally mutually
controllable if

PNL (A NPT (L) € PN, Vi, j € Ty (28)
Proposition 6.2. Consider a modular DES. Global mutual controllability (GMC) is equivalent to the following
property:

PULNACNPTNL) € PIN(L)), Vi, j € Zn,i # . (29)

Proof. Note that the only difference is that Aj, in GMC is replaced by A,. Therefore the new property is
clearly stronger then GMC. Maybe surprisingly the converse implication is satisfied as well. Let GMC hold true,
s € Pj_l(Lj), ue Ay, and su € Pi_l(Li). Then we have two cases: either u € Aj oru ¢ A;. The former case entails

that u € Aj, due to the shared event controllability status assumption. Using GMC we conclude su € P J._I(L j)-In
the latter case we notice that P;(u) = ¢,1i.e. Pj(su) = P;(s), which means that P;(su) € Lj,i.e.su € Pj_l(Lj). O

Definition 6.3. Consider a modular DES. The modular plant languages {L;, i € Z,} are called modularly controllable
if

LA, NP7 (L) C L,Vi€Zy. (30)

Modular controllability is in general weaker than global mutual controllability and it will play the role of a necessary
condition.

Proposition 6.4. Consider a modular DES. Global mutual controllability (GMC) implies modular controllability.
Proof. Letforanyi # j € Z,:
PINL )AL PTN(L) € PTNL)).

Since for j = i the inclusion is trivially true, we have the inclusion for any i, j € Z,. Then, by taking intersection for
J over Z, we obtain:

P wpanp i @plc (P =L.
j=1 I

Since [} Pj_l (LHA, € m;!:l[Pj—l (L;)A,] we obtain finally,
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n
LA NP (L) = [ﬂ P;‘(L,-)} AnPNL) S L,
j=1

i.e. modular controllability MC). 0O
As for the opposite inclusion, it turns out that it holds only for n = 2. We have

Proposition 6.5. Consider a modular DES. For n = 2 global mutual controllability (GMC) is equivalent to modular
controllability.

Proof. According to Proposition 6.4 it is sufficient to show that for » = 2 modular controllability implies GMC. Let
MC holds. We show that

PTNL)A NPT (L) < PNL)).

Lets € ijl (Lj),u € Ay, and su € Pfl (L;). Then we have s € Pfl (L;) as well, because Pfl (L;) is prefix-closed.
Since we have two modules and i # j we obtain s € L. Now using MC

sue LA,N PN (L) CLC ij‘(Lj),

whence su € Pj_l(L ;) and GMC holds. O

For a number of modules greater than or equal to 3 however, GMC and MC differ, because we cannot deduce s € L
from s € Pj_1 (Lj),u €Ay, and su € Pl._1 (L;). This is illustrated through the following simple example:

Example 6.6.
Ly = {prefix(uj3(uui; + auiz))}, Lo = {prefix(au + u)},
L3 = {prefix(ujzuuiz)}
A ={a,u,ui13} = A3, Ay ={a,u}, Ay ={a} = Az = A3 .
The modules agree on controllability of common events because
AiNAj,={uy=A;,NA;,i=2,je{l,3},
A1N A3y ={u,ui3} = Aru N A3z,
Since L = L3, itis easy to see that modular controllability holds for this example. However, L and L, are not GMC,
because auzuiz € P (L) A1, NPy (L) \ P (Ly).
The next theorem provides novel necessary and sufficient conditions for modular control synthesis to equal global

control synthesis. In [12] it was shown only that global mutual controllability is a sufficient condition.

Theorem 6.7. Modular control synthesis equals global control synthesis for the supremal controllable sublanguage
in the case of complete observations and of indecomposable specifications. Consider a modular discrete-event system.
Assume that the local plants agree on the controllability of their common events.

If the local plants {L;, i € Z,} are modularly controllable then for any indecomposable specification K C A*,

n
supC(K N L, L, A,) = )supC(Ki, P (Li), A). €20
i=1
Conversely, if for a given modular plant equality (31) holds for any global specification K then the local plant
languages, {L;, i € Z,} are modularly controllable.

Proof. For sufficiency the coinductive proof principle will be used, i.e. it is sufficient to show that under the conditions
listed above the following relation (cf. coinductive definition and notation for sup C!)

R= {<(K NL)/3CL, ﬂ[Ki/ifPi—l(L,-)]>; K,Le c}
i=1

is a bisimulation relation, from which the equality follows by coinduction. In order to show that R is a bisimulation
of partial languages we must show the points (i)—(iii) below (see Definition 3.4 of Section 3).
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(1) This item is obvious from the coinductive definition of supremal controllable sublanguages.

(i) If for a € A: (V_[Ki/5C P (Li)] = then Vi € Zy: [K;/SC P (L;)] <. Thus, we have for a € A that
VieZy: Ki 5, PN L) S andVu € A% P (L > = (Ko -

We must show that (K N L)/ ‘E\EL %, which according to the coinductive definition of the supremal controllable
sublanguage means that (K N L) S.L 5, andVu € Al Ly N (KNL), . First of all, (KNL) 5
immediately follows from K; -5, because K N L = K N (-, P, (L) = N/ [K N P7NLH] = N K
Obviously, (K N L) 5 implies L S Now letu € A} such that L, ~ ThenVi € Ly - Pfl(Li)a i), whence
Vi€ Zn: (Ki)g —. It follows that (K N L) .

(iii) Let (K N L)/ ffL % for a € A. It follows from the coinductive definition of the supremal controllable
sublanguage that (K N L) S.L 5, and Vu € AY o L, 5 = (K N L), = . We need to show that
MK /SCPTN (L)) . e, that Vi € Z, ¢ [K;/5C P! (Li)] =>. First of all we notice that Vi € Z, : K; >,
because as we have seen in (ii) above, ﬂ;;l Ki=KnNL 5. In the very same way, Vi € Z, : Pfl(L,-) 5
follows from L . Now let Pi—1 (Li)q = for some u € A% ie. au € Pi—1 (L;). Due to our assumption of modular
controllability au € LA, N Pl._l (Li) € L ,hence au € L. According to our assumption we deduce from L, % that

(KNL), = . Therefore for any i € Z, (Ki)a —u>, which was to be shown.
Now we will prove the second part of the theorem. The necessity of modular controllability is easy to show: Let
L;, i € Z, be given and let Eq. (31) hold for any K € A*. Then in particular (the more difficult) inclusion

n
supC(K NL, L, A,) <[ |supC(Ki, P (L), Ay)
i=1

holds for any K € A*. This is equivalent to

supC(KNL,L,A,) CsupC(K;, Pl._l(L,-), A, YK C A*andi € Z,.
Then the inclusion holds in particular for K = L, which entails K; = L for any i € Z, . Hence, L =
supC(K NL,L,A,) € supC(L, Pl._l(L,-), A,). Since sup C(L, Pl._l(Li), A,) € L by definition of the supC
operator, we obtain L = supC(L, Pfl(L,'), A,). But this means that L is controllable with respect to Pfl(L,-)

and A, for any i € Z,, which is the modular controllability condition. [

Note that as a consequence of Theorem 6.7 global mutual controllability is not a necessary condition, because modular
controllability is both necessary and sufficient structural condition and although for n = 2 these two conditions
coincide, for n > 3 global mutual controllability is in general stronger than modular controllability. The computational
time complexity for both global and modular control synthesis in this case is discussed in the Sections 8.2 and 8.3.

Global mutual controllability is quite a strong condition. We show a simple example, where global mutual
controllability holds. Consequently, according to Theorem 6.7 modular and global computation of supremal
controllable sublanguage coincide for all specifications K C A*.

Example 6.8.
Ly ={e,a,au,ai,aiu}, Ly = {e,a, au, az, apu},
Ay ={a,u, a1}, Ay ={a,u, ar}, A1 c ={a, a1}Azc = {a, ar}.
Modules agree on controllability of common events,
A1NAy, ={u} = A1, N A,
It is easy to see that global mutual controllability holds for this example. Therefore we have
sup C(K N P (L1), Py (L1), Ag) NsupC(K N Py (La), Py ' (La). Au)
=supC(KNL,L,A,), YK C A",

i.e. modular and global computation of supremal controllable sublanguage coincide for all specifications K C A*.
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7. Distributed supervisory control with an indecomposable specification

In this section the case is studied of control of a distributed discrete-event system, thus for which one or more of the
local plants has only partial observations, and of an indecomposable specification. First a structural condition called
global mutual normality is introduced. It is similar to mutual normality in the case of decomposable specification, but
it concerns Pi_1 (L;) instead of L; itself.

Definition 7.1. Consider a distributed DES. The modular plant languages {L; € A}, i € Zy} are called globally
mutually normal if

(PYPPINL) NPT © PIL Vi € T, i # (32)
In the next definition the concept needed for a necessary and sufficient condition is introduced.

Definition 7.2. Consider a distributed DES. Modular plant languages {L;, i € Z,} are called modularly normal if L
is (Pf] (L;), P)-normal; or, equivalently,

P 'P(L)N Pi_l(Li) C L,Vi € Zy. (33)
Modular normality is in general weaker than global mutual normality (GMN).
Proposition 7.3. Consider a distributed DES. Global mutual normality (GMN) implies modular normality (MN).
Proof. Let GMN holds, or, equivalently,

(P'PP H(LHN P'L; C PI'Lj Vi, j € Zn, i # ).

Since for i = j the inclusion becomes trivial, we may assume that the inclusion is satisfied for any i, j € Z,. We
obtain:

PPN PN (L)

PP (ﬂ Pj—l(Lj)) NP7HLY

j=1

e'Pryhapnp @y c (P =L,
j=1 o

N

where the last inclusion follows from intersecting both sides of the first inclusion (GMN) for j ranging over Z;,. Thus
MN holds. [J

7.1. Modular computation of supremal controllable and normal sublanguages

Theorem 7.4. Modular control synthesis equals global control synthesis for the supremal controllable and normal
sublanguage in the case of a distributed DES and of an indecomposable specification. Consider a distributed DES.
Assume that the local plants (1) agree on the controllability of their common events and (2) agree on the observability
of their common events.

If the local plant languages {L;,i € Z,} are modularly controllable and modularly normal, then for any
indecomposable specification K C A*

n
supCN(K NL,L, P, A,) = ﬂ sup CN(K;, PN (Ly), P, Ay). (34)
i=1
Conversely, if for a given modular plant equality (34) holds for any global specification K then the local plant
languages {L;, i € Z,} are modularly controllable and modularly normal.

Proof. The sufficiency part of the proof relies on Algorithm 1 for computation of supCN and the coinduction
proof principle. Algorithm 1 is used for the computation of supCN(K N L, L, P) as well as for computation of
sup CN(K;, Pi_1 (L;), P) with the first two parameters represented by partial automata S; and 7; defined below. Let
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S representing K N L and T representing L be the same as in Algorithm 1. Algorithm 1 yields the partial automaton
S = (S‘, (0, 1)), subautomaton of S, that represents supN(K N L, L, P) according to Theorem 5.7.

Similarly, let partial automata S; = (S;, (01, t1;)) and T; = (T;, {0;, t;)) representing K; and Pf] (L), i € Zy,
respectively, be such that for all i € Z,: §; is a subautomaton of 7;, and §; is a state-partition automaton. The
common initial state of these automata is denoted by sé and the transition functions f{; and #; are denoted by — |; and
— i, respectively. Denote by Aux(S;) the observation indistinguishability relation with respect to the projection P.
Algorithm 1 is used to construct partial automata S = (S,, (6;, £;)), subautomata of S;, with #; denoted by —; and

the behavior homomorph1sml Si — L. According to Theorem 5.7 S; represent the “local” sup N(K;, P;~ (L ), P).

This enables us to consider the behaviors of the corresponding output automata S and S; of Algorithm 1 with the
corresponding parameters detailed above. We show that

{<[1(S0) [ﬂl(w} > |we(i(so>)}

is a bisimulation relation, from which the claim of the theorem follows by coinduction. Take a w € (l~ (so)) arbitrary,
but fixed. The items (i)—(iii) below refer to the definition of a bisimulation stated in Section 3.

(1) is trivial: marking is not considered.

(i1) Let [f(so)]w 5 fora e A,ie. (s0)w S Thus, according to step 2 of Algorithm 1 (sg)y, —a>1 and condition (*)
of Algorithm 1 is satisfied. Thus, we know that wa € L and wa € (K N L). It must be shown that [ﬂ?:Ji(S(i))]w 5
We need to show that for any i € Z, we have [ii (s(i))]w —a>, i.e. (sé)w —g/i. According to Algorithm 1 this amounts
to show that for any i € Z, we have (sf))w - 1; and condition (*) of Algorithm 1 holds. Notice that for any i € Z,
we have (sé)w - 1i» because wa € (K N L) = N?_, K;. Next we show that condition (*) of Algorithm 1 (with
appropriate parameters) is satisfied. If a € A, U A,, then according to condition (*) of Algorithm 1 it must be
checked that Vv € (A, U Auo)*: (s))wa S = (55 wa i Letv € (A, U Ay)™ (s5)wa —3,. This is equivalent to
wav € Pl._1 (L;). We need to show that (sé)wa - 1i- The structural conditions of modular controllability (MC) and
modular normality (MN) will be used. It will be shown by structural induction along the string v € (A, U A,,)* that
wav € L.Itisclear thatv = vy ... vi for some k € Nwithv,, € A,UA,,, m € Zi. The base step is trivial: wae € L.
The induction hypothesis is that wav; ...v,—1 € L. We show that wav; ...v, € L as well using GMC and GMN.
We assume that wav; ...v,—1 € L . Thus, if v, € Ay, then using MC wav; ... v,u—1v, € LA, N Pl.*] (L;) € L.
If vy, € Ay, (ie. P(vy) = ¢€) then MN is applied: P(wavy ... vu—1Vy) = P(wav]...v,—1), implies using MN
Wavy ... vm—1vm € P"YP(L) N Pfl(L,') C L. By induction we have wav € L. This is equivalent to (sg)yq 5.
Sincea € A,UA,, andv € (A, UA,,)*, it follows from (s¢)y -5, and condition (*) of Algorithm 1 that (50)yq —1;1.
This is equivalent to wav € (K N L).Since KN L = ﬂ?zl K; we have also wav € K;. This shows that (S(i))wa —31,-.

Ifa € Ac N A, then according to condition (*) of Algorithm 1 it must be checked that Vs’ ~aux(s;) (s(i))w i —a>i
= s/ —1;, in which case also Vv € (A, U Ayo)*: ) S = ) —'1i. Let s’ A Aux(S;) (sé)w Cos S According
to the second part of Lemma 5.5 (S; is a state-partition automaton) there exists r € A* such that P(w) = P(r) and

= (sé)r. Thus, s’ —a>,- is equivalent to ra € Pi_lL,-. It must be shown that s’ —g],-, i.e. ra € K;. We recall first that
wa € L and P(wa) = P(ra). Hence, ra € P~'P(L) N Pi_l(Li) C L. Thus, we have ra € L, which is equivalent
to (so)r % . Since by Lemma 5.5 (s0), ~aux(s) (50)w, condition (*) of Algorithm 1 (applied to (so), playing the role
of s”) implies that (sg), —a>], which is equivalent to ra € (K N L). Since forany i € Z,, : (K NL) C K;, we have

s = 1i» which was to be shown. The rest is similar as fora € A, U A,,: the end of the second part of condition (*)
of Algorithm 1 is similar to the first part of condition (*) of Algorithm 1. The inductive application of MC and MN

shows that Vv € (A, U A,0)*: s, —v>,- = ) —;)11-. We conclude that (sé)w —‘;/i foranyi € Z,, i.e. [ﬂ?zll:-(s("))]w e
(iii) Let ﬂ;’=11~i(s6)w —a>, i.e. for any i € Z, we have [l~i (sé)]w ﬁ>, or equivalently, (sé)w _§,i, ‘We must show that
[f (s0) 1w 5 fora e A, ie. (S0)w 5., It must be checked that (50)w —a>1 and condition (*) of Algorithm 1 applied
to automata S and T is satisfied. Firstly, according to step 2 of Algorithm 1 we must show that (sg),, —a>1. But this
is straightforward: from Vi € Z, (sé)w —‘)l/,- we have in particular (sé)w =S ; and (sé)w iy 1i- Equivalently, Vi € Zj,:
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wa € P '(L;) and wa € K;. Thus, we have wa € L = (\/_; P,"'(L;) and wa € (K N L) = ()'_, K;, which means
that (s0) % and (50)w = 1. Secondly, we must show that condition (*) of Algorithm 1 holds: ifa € (A, U A,,) then
Vi € (AyUAuo)™: (50)wa — = (50)wa —1;and ifa € A, N A, then Vs’ ~aux(s) (50)w : 8’ — = s’ =51, in which
case also Vu € (A, U Ayp)*: s, QN s 1. Leta € (A, UAy) and u € (Ay U Auo)*: (s0)wa — . Hence, we have
wau € L,i.e. Vi € Z,: wau € Pl._l(Li). The last statement is equivalent to Vi € Zj,: (s("))wa —u>,-. Our assumption that
Vi € Zy: (sé)w —(;/l- implies according to condition (*) of Algorithm 1 that (sé)wa —u>,- implies (s("))wa iy 1i» Which is
equivalent to wau € K;. Hence wau € (K NL) = ﬂl'.’zl K;, which is equivalent to (s0)wq —u>1.

Now, let a € A, N A, and 5" ~auxs) (50w @ 8 5. According to condition (*) of Algorithm 1 we must

show that s’ —5; and Yu € (A, U Au)*: s, — = 5. — . It follows from Lemma 5.5 (applied to S) and

a a
s’ Raux(s) (50)w that there exists w’ € A* such that P(w’) = P(w) and s = (sg),y € S. Hence, s,, Sis equivalent to
waeL=_ Pl._l(Li). An application of Lemma 5.5 to S; yields also (sé)w/ R Aux(S;) (sé)w (note that Aux(S;) is
based on the same projection P as Aux(S)). We notice that w'a € L C Pl._1 (L;). Therefore (sé)w/ 5ie. according to
condition (*) of Algorithm 1 (with S; playing the role of S and 7; playing the role of T') (sé)w/ —$1;. The last statement
is equivalent to w’a € K;. Therefore we have also w'a € (’\;7: 1 Ki = (K N L). But this is equivalent to s’ —a>1, which
was to be shown. The rest is similar to the case a € (A, U Ay,): if u € (A, U Ayo)*: s, —u>, then w'au € L with the
same w’ as above. Thus, Vi € Z,: w'au € Pfl(L,-). The last statement is equivalent to Vi € Z,: (s(i))w’a —u>i. Our
assumption that Vi € Z,: (s(i))w —gri implies according to the second part of condition (*) of Algorithm 1 (with (Sé)w'
playing the role of s) that (sé)w/a —“>,~ (meaning in Algorithm 1 s/, —u>,-) implies (s(i))w’a — 1i, which is equivalent to
w’au € K;. Hence w'au € (K N L), which is equivalent to s/, —“>1. The conclusion is (sg)y —a>r, which is equivalent
t0 [[(50)]w ~>.

Now we will prove the necessity part. The necessity of modular controllability and modular normality is easy to

show along the same lines as in the complete observation case. Let L;, i € Z, be given and let Eq. (34) hold for any
K C A*. Then in particular (the more difficult) inclusion

n
supCN(K NL, L, P, A,) ( )supCN(K;, P! (Li), P, A)
i=1

holds for any K € A*. This is equivalent to
supCN(KNL,L,P,A,) CsupCN(K;, P;l(Li), P,A,),K C A*andi € Z,.

The inclusion holds in particular for K = L, which entails K; = L for any i € Z, . Hence, L = supCN(K N
L,L,P,A,) C supCN(L, P, '(L;), P, A,). Since supCN(L, P, (L;), P, A,) € L by definition of the sup C
operator, we obtain L = sup CN(L, Pi_l(Li), P, A,). But this means that L is for any i € Z, both controllable
with respect to Pfl(L,-) and A, and (Pfl(L,-), P)-normal, which are the modular controllability and the modular
normality conditions. [J

Note that global mutual controllability together with global mutual normality imply modular controllability and
modular normality, and the former notions are easier to verify than the latter ones, because they do not include the
global plant. In fact, although modular controllability and modular normality can be checked in polynomial time
(but in size of global DES!), their verification requires the construction of the global system, which contradicts the
modular approach, because the size of global system grows exponentially with the number of components. On the
other hand verification of global mutual controllability and global mutual normality is polynomial in the size of
the local components. A polynomial algorithm for checking observability (can be adapted for normality) has been
presented in [24]. See Section 8.4 for comments on the computational time complexity of both global and modular
control synthesis in this case.

7.2. Case of supremal normal sublanguage

As a special case of Theorem 7.4 we have.
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Corollary 7.5. Modular control synthesis equals global control synthesis for the supremal normal sublanguage in the
case of a distributed DES and of an indecomposable specification. Consider a distributed DES. Assume that the local
plants agree on the observability of their common events.

If the local plant languages {L;, i € Z,} are modularly normal then for any indecomposable specification K € A*

n
supN(K N L, L, P) = [ |supN(K;, P, (Ly). P). (35)

i=1

Conversely, if for a given modular plant equality (35) holds for any global specification K C A* then the local plant
(partial) languages {L;, i € Z,} are modularly normal.

Now we present an example, where it is shown that global mutual normality (GMN) is not a necessary condition.

Example 7.6. Let A = {e, e1, a2, T, 71, 12}, A1 = {e1, 11, €, T}, Ay = {e2, 12, €, T}, Ay = {e1, €2, ¢}, Ap1 = {e1, €},
and A, > = {e2, e}. Consider the local plant languages (the marked languages are not considered) displayed in the
figure below.

Let prefix(K) = {¢, e, e1, e1e2}. One can easily verify that K is not decomposable. Indeed, the inclusion prefix(K) C
P Py (prefix(K)N Py ' Py (prefix(K)) is strict, i.e. prefix(K) # P;' Py (prefix(K))N P, Py (prefix(K )). Computing
further the parallel product L = L || L, yields:

supN(K NL,L,P)={e}.

Note that in this example K; = K N Pl._lL,' = K fori = 1, 2. Itis also easy to see that sup N(K, Pl._1 (Ly), P) ={¢e}
as well for i = 1, 2. i.e. the commutativity holds trivially true. On the other hand, global mutual normality does not
hold. We have e.g.

e PT'PPTYL) NPT\ PTNLY).

This only shows that global mutual normality is not a necessary condition (and not necessary structural condition),
because for another specification K’ = {¢, e, e7, ey, e1 e} notice that et € K"\ K we have also K| = K/ﬂPl._l(Li) =
K', i =1,2,thus supN(K' N L, L, P) = {g,a,ar}, while still supN(K7, Pi_l(L,-), P) = {s&}. Therefore, for K’,
modular and global computation of the (global) supremal normal sublanguage differ, which is not in contradiction with
Theorem 7.5, because we know that global mutual normality does not hold for this example. Note that an example,
showing that GMN is not necessary among structural conditions, requires that n > 3, similarly as for GMC.

7.3. Antipermissive control policy

In this subsection our intention is to generalize the results concerning modular computation of supremal normal
sublanguages of global specifications to modular computation of closed-loop languages using the antipermissive
control policy. This will be done in the very same way as was done in Section 4 for local specification. Unlike the
setting of Section 4 we will work with Pi_1 (L;) instead of L;. Since we work with the global alphabet, synchronous
composition coincides with intersection. The concept of modular observability using Definition 2.5 is needed:

Definition 7.7. Consider a distributed DES. The modular plant languages {L;,i € Z,} are called modularly
observable if for any i € Z,, we have that L is observable with respect to Pi—1 (L;)and A,.
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Theorem 7.8. Modular control synthesis equals global control synthesis for the closed-loop language in the case of a
distributed DES, of an indecomposable specification, and of an antipermissive control policy. Consider a distributed
discrete-event system. Assume that the local plants (1) agree on the controllability of their common events and (2)
agree on the observability of their common events.

If{L;, i € Z,} are modularly observable then for any indecomposable specification K C A*

n
AP(KNL.L,P)=|AP(K;, P (L. P). (36)
i=1
Conversely, if for a given modular plant equality (36) holds for any global specification K then the local plant (partial)
languages {L;, i € Z,} are modularly observable.

Proof. The sufficiency part can be shown by coinduction using the same algorithm for closed-loop language under
antipermissive control policy as was done in [6] in the case of local specification languages. The proof is very
similar to the proof of Theorem 7.4. In view of our previous results it is straightforward to show that a necessary
structural condition for local antipermissive control policy to equal global antipermissive control policy is that
AP(L, Pl._l(L,-), P) = L, which means that modular observability holds. [

A sufficient condition can be formulated in terms of global mutual observability, which is similar to strong global
mutual normality, except that observability plays the role of normality. Similarly as for normality, global mutual
observability is then computationally much easier to verify than modular observability.

8. Computational complexity of modular control synthesis

The aim of this section is to illustrate the interest of modular control synthesis by comparing the computational
complexity of modular control synthesis with the global control synthesis. This will be done for several control
problems studied in the previous sections.

8.1. Computational complexity in the case of a decomposable specification

We start with Section 3 and the synthesis of modular supervisors with full observations, i.e. supremal controllable
sublanguages that are used. The following symbols will be used.

nn, € N number of modules,

n; size of the minimal state set of a recognizer of module i € Z,,,
n* = max n; € N,
1 €Ly,
m;  size of the event set of module i € Z,,,,
m* = max m;, m, = min m;,
iEan ieznm
r* = max [[A;NAj| eN,
L, ] €Ly,

ny = size of the minimal state set of the recognizer of the global plant,

= size of the event set of the global system,

k; size of the minimal state set of a recognizer i € Z,,, of the local specification K; < A;-",
k* = max k; € N,
i€,

mg size of the event set of the minimal recognizer of the specification,

ng  size of the minimal state set of the recognizer of the specification.

We have the following simple inequalities and bounds:

Nm
np < [[ni < @™, (37

i=1
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m
ng < [k < 5™ (38)
i=1
m
m<y m < (m*), (39)
i=1

It was shown in [1, p. 115] that the time complexity of the computation of the supremal controllable sublanguage of
the global plant in terms of the minimal size of the state set n and the minimal size of the specification recognizer ng
is

O(npn%). (40)

We also recall that it has been shown in [13] that for prefix-closed specification the time complexity of the computation
of the supremal controllable sublanguage of the global plant is of the order O (nyng), which is the basis for our
estimates. This is also the complexity for checking the controllability of the specification. Hence,we have

Proposition 8.1. The computational time complexity of the global computation of the optimal supervisor (represented
by the supremal controllable sublanguage) is given by

O(npng) < O((*)" (k*)"™). (41)

The computation of modular control synthesis proceeds by the followings steps:
Algorithm 2. (1) Check whether the modules agree on the controllability of their common events:

Ay NA; =ANAYEL j €Ly, (42)
(2) Test whether mutual controllability holds: i.e.

prefix(Lj)(Aj, NA;) N Pj(P,-)flpreﬁx(Li) C prefix(L;),Vi, j € Zn,i # . (43)
(3) For each module compute the local supremal controllable sublanguage:

supC(K;, Li, Ajy), Vi € Zy,,. (44)
Proposition 8.2. Consider the discrete-event system defined above.
(a) The time complexity of checking the agreement on the controllability of their common events is

O (ny(ny — Hm*) = O(nim*). (45)
(b) The time complexity of the check of mutual controllability is

0 (% %(2"”)@) = O(n,i2”*n*). (46)

i=1 j=1

Note that the term 2" appears, because P; P L j) must be computed and the natural projections are computed
J
with exponential worst case complexity, although in most cases it can be calculated much faster (cf. [31]).
(c) The time complexity of the computation of all local supremal controllable sublanguages is

supC(K;, Li, Ajy) O(nik;), 47
m

{supC(K;, L;, Ajy), i € Zy,} O (th) = O(nyun*k™). (48)
i=1

(d) The time complexity of the computation of the supremal controllable sublanguage by modular control synthesis
as described in Section 4 is

022" k*m*). (49)
Proof (d).
O m*) + 022" n*) + O(nun*k*) < 022" kK*m*). O
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8.2. Time complexity of the computation of the supremal controllable language in the case of a global specification

Algorithm 3. Computation of the global specification. Let us denote by ng the size of the minimal state set of the
recognizer of the global specification. The remaining notation is as introduced before.

(1) Compute the intersection of the specification and the plant (denoted resp. Gk and G ),
KNL=L(Gg)NL(GL) = L(Gknr) = L(Gk x G1). (50)
(2) Compute the supremal controllable sublanguage according to the algorithm described in [1].
supC(K NL,L,A,). (51

Proposition 8.3. The computational time complexity of the supremal controllable sublanguage of the global plant in
the case of an indecomposable global specification.

(a) The computational time complexity of the computation of the intersection of the specification and the plant.

O(npng). (52)

(b) The computational time complexity of the computation of the supremal controllable sublanguage of the global
system.

O(np.npng) = Oning) < O((n*)*""n). (53)

8.3. The time complexity of the modular computation of the supremal controllable sublanguage in the case of an
indecomposable global specification

Algorithm 4. The computation of the supremal controllable sublanguage according to modular control synthesis
proceeds by the followings steps:

(1) Check whether the modules agree on the controllability of their common events:

Ay NA; = AN Ajy, Vi, j €Ly, (54)
(2) Compute the global inverse images of the modules:

PN (L), Yi € Z,,. (55)

This is done by adding at every state of the recognizer of L; selfloops for the events in A\ A;.
(3) Test whether global mutual controllability holds

PNL)Aj NPT NL) € P N(L)), Vi, j € Ly, i # . (56)
(4) Computation of the over approximation of the local specification,
Ki =K NP7\ (L).Yi € Zy,. (57)

This is done by computing the product automaton

L(Gg;) = L(Gg N Pi_l(Li)) = L(Gk X Gp-1(1.)- (58)
(5) For each module compute the local supremal controllable sublanguage:
sup C(K;, P71 (L), A, Vi € Zy,,. (59)

(6) Computation of the intersection

n

[(\supC(Ki, P (L), Au). (60)
i=1
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Proposition 8.4. Consider the discrete-event system defined above.

(a) The time complexity of checking the agreement on the controllability of their common events is

Oy — DYm*) = O (n2m*). 61)
(b) The time complexity of computing the global inverse images of the modules is
PN (L) O(mi(m —my)) < O(nim); (62)
i
{PNLi).i € Zn,} O (Z ni(m — m») < O(nun*m). (63)
i=1
(c) The time complexity of the over approximation of the local specification,
Ki=KnP N (L) Omingm); (64)
Nn
{(Ki,i € Zy,} O (Z n,-nKm) = O(nmn*ngm). (65)
i=1

(d) The time complexity of the check of global mutual controllability is
Nm N
0] <ZZn,mn1m> = 0(n% (n*)’m?). (66)
i=1 j=I

(e) The time complexity of the computation of all local supremal controllable sublanguages is

supC(Ki, Li, Ey) O(niningm) = O(ningm), (67)
m

{supC(K;, L;, E,),i € Zy,} O (Z nianm) = O(nm(n*)ngm). (68)
i=1

(f) The time complexity of the computation of the supremal controllable sublanguage by modular control synthesis
as described in this paper is

O (n% (n*)*n3m?). (69)
Proof (f).
O (n2m*) 4+ O(nun*m) + O(npn*ngm) + On2,1n*)*m?) + Oy (n*)ngm) < O3, n*) *ngm?. O

8.4. The time complexity for the computation of the supremal controllable and normal sublanguage

The time complexity of the computation of the supremal controllable and normal sublanguage is stated in [1] as
being exponential in the size of a minimal recognizer and of the size of the minimal recognizer of the specification
language. The same expression is used in the paper [13]. The formulas need to be used to derive an explicit expression
for the time complexity. Below is used the following formula

O (2K, (70)

It follows that the complexity of the global computation is double exponential: O (2("*)2"'" "k)) in the case of a global
specification and O (20" ®*Y"")y in the case of local specifications.

On the other hand, modular computation is only single exponential in the size of local plants and specifications.
The main step: computation of local supremal controllable and normal sublanguage takes 0(2("*)2'"K) time for global
specification and 0 (2" *") for local specifications. One can verify that together with checking all sufficient conditions,
for a large number of modules it is much more advantageous to apply modular control synthesis method over global
synthesis method.
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9. Conclusion

An overview of the main concepts and results have been presented for modular control synthesis to equal global
control synthesis for control of discrete-event systems together with several new results. Most of the possible special
cases of modular and distributed control have been covered (both fully and partially observed systems, both local and
global specifications). Among the new results, we have provided for all cases necessary conditions for modular control
synthesis to equal global control synthesis. Antipermissive control policy was proposed for the global specification
and necessary and sufficient conditions have been presented for global antipermissive control policy to yield the same
result as computationally much more efficient local antipermissive control policy. It was shown that in the shuffle case
of a distributed DES with a decomposable specification, where mutual normality fails, this condition is actually not
needed for modular control synthesis to equal global control synthesis.

These results are important for the optimal supervisory control of large distributed plants, because with respect to
the derived conditions control synthesis can be implemented modularly. All the sufficient conditions we have presented
have a lower computational time complexity than their counterparts for global systems. The structural conditions do
not depend on the specification, which is very important for global (indecomposable) specifications.
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