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Abstract In this paper, we are interested in the control of a particular class of
Concurrent Discrete Event Systems defined by a collection of components that
interact with each other. We investigate the computation of the supremal control-
lable language contained in the language of the specification. We do not adopt
the decentralized approach. Instead, we have chosen to use a modular centralized
approach and to perform the control on some approximations of the plant derived
from the behavior of each component. The behavior of these approximations is
restricted so that they respect a new language property for discrete event systems
called partial controllability condition that depends on the specification. It is shown
that, under some assumptions, the intersection of these “controlled approximations”
corresponds to the supremal controllable language contained in the specification with
respect to the plant. This computation is performed without having to build the whole
plant, hence avoiding the state space explosion induced by the concurrent nature of
the plant. It is finally shown that the class of specifications on which our method can
be applied strictly subsumes the class of separable specifications.

Keywords Discrete event systems - Supervisory control problem - Concurrent finite
state machines - Partial controllability
1 Introduction

Supervisory control (Cassandras and Lafortune 1999; Wonham 2003) consists in
modifying a system (plant) such that the modified (or controlled) system satisfies
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a given specification (e.g. a safety property). In this paper, we focus on the control
of Concurrent Discrete Event Systems defined by a collection of components that
interact with each other. We adopt the formalism of the Supervisory Control
Theory (SCT) Wonham (2003) and model the system and the specification by
regular languages (or by the associated Finite State Machines). Given a system
and a specification modeled by languages, one important phase in the SCT is the
computation of the supremal controllable sub-language contained in the specification
from which one can easily derive a supervisor.

In many applications (as e.g. manufacturing systems,control-command systems,
protocol networks, etc) and control problems, systems are also often modeled by
several components acting concurrently. In this paper, we are concerned with the
control of a system where its construction is assumed not to be feasible (due to the
state space explosion resulting from the composition), making the use of classical
supervisory control methodologies impractical (See e.g. Cassandras and Lafortune
1999; Wonham 2003).

Several approaches have been recently investigated to deal with the complexity
issue of the control of Concurrent Discrete Event Systems (CDES). Given a CDES
G modeled by a set of subsystems {G;}i<j<, and a specification expressed by a
language K, the problem under consideration is to compute the supremal control-
lable sublanguage of K N L(G) w.r.t. L(G) without having to explicitly build £(G).
One classical approach consists in using Binary Decision Diagrams (BDD) Bryant
(1992) to encode the system (Gunnarsson 1997; Hoffmann and Wong-Toi 1992; Ma
2004; Marchand et al. 2000; Vahidi et al. 2004) and to use transformer predicates
to perform all the operations. Even though the whole system needs to be built,
such encoding is efficient in the sense that it avoids the state space enumeration
during the synthesis phase. Meanwhile, it is still interesting to combine these sym-
bolic approaches with methods that are independent of the implementation. These
methods should be based on the structure of a CDES and have to be efficient
even though the tool, that is used to perform the supervisor synthesis, is based on
enumerative methods. In De Queiroz and Cury (2000a,b), the authors consider the
control of a product plant (i.e. systems composed of asynchronous subsystems, not
sharing common events).! Given a set of specifications, for each of them, a local
sub-system is built from the components that are coordinated by the corresponding
specification (i.e. all the components that share some events used to express it). It is
then sufficient to compute local supervisors ensuring each specification with respect
to the corresponding local sub-system in order to obtain the result on the whole
system. An incremental and modular approach have been presented in Akesson et
al. (2002); Brandin et al. (2000). When several specifications are under considera-
tions, the global supervisor can be obtained by performing the parallel composition
between the different corresponding “local” supervisors. Finally, closely related to
the decentralized theory,” under the hypothesis that the specification is separable
(See Section 3.1.1) and that the shared events are controllable, the authors of

IGiven a CDES G modeled by {Gi}1<i<n, the authors actually collapse the sub-systems in order to
obtain a product plant.

2See e.g. Cieslak et al. (1988); Rudie and Wonham (1992); Yoo and Lafortune (2000) for details
related to this theory.
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Willner and Heymann (1991) provide a solution allowing to compute local super-
visors §; acting upon each sub-system G; and to operate the individually controlled
system S;/ G; concurrently in such a way that the behavior of the controlled system
(i.e. L(]l; Si/ G;)) corresponds to the supremal controllable sublanguage of K w.r.t.
the system L(G). Note that each supervisor is efficiently computed since it is
derived from each sub-system thus avoiding to build the whole system. The same
methodology has been used in Rohloff and Lafortune (2003) for the control of
concurrent systems for which the various components are supposed to have an
identical structure. Knowing that the local supervisors S; are only operating on a
subset of the local events, the authors give necessary and sufficient conditions over
the specification K, to obtain a non-blocking controlled system that exactly matches
K. Finally note that the a decentralized architecture could be used to efficiently im-
plement the supervisors computed according to the theory of De Queiroz and Cury
(2000a,b). See also Jiang and Kumar (2000); Lee and Wong (2002) and Abdelwahed
and Wonham (2002); Gaudin and Marchand (2004c¢); Leduc et al. (2001); Ma (2004)
for other works related to the control of concurrent systems and hierarchical systems.

In this paper,our motivation is similar as that of the previous works. We want to
use the particular structure of a concurrent system in order to avoid the building of
the whole system. In this study, we have chosen not to consider the non-blocking
aspect, but rather to focus on the computation of supervisors for prefix-closed
specifications with the aim of extending the class of specifications for which a
maximal controllable solution exists. Indeed, besides the non-blocking aspect, that
is tackled by some of the above works, one common condition that is required is
the separability of the specification (as e.g. in Willner and Heymann 1991) or of the
solution as (e.g. in Jiang and Kumar 2000; Rohloff and Lafortune 2003). However,
requesting the specification Willner and Heymann (1991) or the solution Jiang and
Kumar (2000); Rohloff and Lafortune (2003) to be separable happens to be a quite
restrictive condition. Indeed, this condition does not permit to model a particular
behavioral interleaving between different components or a particular scheduling of
actions that belong to different components (for example, it is not possible to specify
that one subsystem G, can only trigger a local action a; when one other subsystem
G, already triggered a local action a;). So, our aim was to find another methodology
for which the separability condition is not required. To do so, we have chosen not
to adopt a “decentralized” approach as in De Queiroz and Cury (2000a); Jiang
and Kumar (2000); Rohloff and Lafortune (2003); Willner and Heymann (1991).
Instead of having one local supervisor per sub-system (or a set of sub-systems De
Queiroz and Cury 2000a) that enforces local control actions with respect to the
events of this component ( resp. set of components), we perform the control on
some approximations of the system, each of them derived from the behavior of one
component. The behavior of these approximations is restricted so that they respect
a new language property for discrete event systems called partial controllability
condition that depends on the specification. It is shown that, a supervisor can be
efficiently derived from these “controlled approximations” such that the behavior
of the controlled system is actually controllable with respect to the plant and the
uncontrollable events, even though the specification is not separable. At this point
we only require that the components that share an event agree on the control status
of this event. However, it is generally the case, that the obtained solution is not the
most permissive one. We thus give some new conditions under which the behavior
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of the obtained controlled system corresponds to the supremal controllable language
contained in the specification with respect to the system. One condition concerns
the system itself and requires the shared events to be controllable (as in Willner
and Heymann 1991), the other one concerns the specification and is called local
consistency (it is shown to be strictly less restrictive than separability condition).
The rest of the paper is organized as follows: in Section 2, the model and the
main concepts of the Supervisory Control Theory are introduced. In Section 3.2,
the central notion of our paper called partial controllability is defined, whereas in
Section 3.3 we provide sufficient conditions under which our methodology gives
access to a modular way to synthesize the supremal controllable language of a
specification w.r.t. a concurrent DES. In Section 4, some comments regarding our
approach and how it encompasses the one proposed in Willner and Heymann
(1991) are provided. Finally, in Section 5, we apply our method to the often studied
Automated Guided Vehicle example (Holloway and Krogh 1990), showing that the
class of locally consistent languages is large enough to deal with relevant problems.

2 Preliminaries
2.1 Model

Each component of the system is modeled as Finite State Machines (FSM), defined
by a 4-tuple G = (X, O, q,. 8), where X is a finite alphabet. The notation (o, q)!
means that there is a transition labeled by an event o out of state g in machine
G. Likewise, for g € OQ and s € ¥, §(s, q) denotes the state reached by taking the
sequence of events defined by trace s from state g in machine G. The behavior of
the system is described by the language £(G) € £* generated by G and defined
as follows: L(G) = {s € £* | §(s, q,)!}. Given 5,5’ € ¥*, we say that s’ < s whenever
s' is a prefix of s (i.e. it exists t € £* s.t. s = 5't). We denote L the prefix-closure
of a language L € =* (L ={s e £* | 35’ € L,s <s'}). Note that L(G), as defined
above, is prefix-closed (i.e. L(G) = L(G)).For L C ¥* and ¥’ C X, we use L(s, X')
to denote the set of suffixes of L after s that belongs to ', i.e.

Ls,Y)={tex*|stel) (1)

Let ¥’ C ¥, then Py : ©* — X'" is the natural projection from ©* to ¥'* that erases
in a sequence of £* all the events that do not belong to X’. This definition can be
easily extended to regular languages: Px/(L) = {s' € X" |Is € L, s’ = Px/(s)} Given
L C ¥ C ¥*, the inverse projection of L is defined by PE,I(L) ={seX*| Psg(s) e
L}. Next, we introduce technical lemmas that will be useful in the remainder of the
paper.

Lemma 1 (Gaudin and Marchand 2004b) Let L € X" and ©' C %,
lets € Lands' € X*, then ss' € Pg,l(L) = sPx/(s) € Pg}(L).

[ ]
e Jetse Pg/l(L) and s' € X*, then ss’ € P;(L) = sPx/(s) € PE/I(L)
@ Springer



Discrete Event Dyn Syst (2007) 17:179-209 183

2.2 Review of the supervisory control problem

Supervisory control theory deals with control of Discrete Event Systems Wonham
(2003). In this theory, the behavior of the plant is assumed not to be fully satisfactory.
Hence, it has to be reduced by means of a feedback control (named Supervisor) in
order to achieve a given set of requirements Wonham (2003).

Given a system G to be controlled, some events of G are said to be uncontrollable
(Z4), i.e. the occurrence of these events cannot be prevented by a supervisor,
while the others are controllable (X.). The behavior restriction of G is achieved by
means of a feedback control (named Supervisor). Formally, a supervisor is given by
a function § : L(G) — {y € 2% | =, C ¥}, delivering the set of actions that are
allowed in G under the control of § after a trajectory s € L(G). We write S/ G for
the closed-loop system, consisting in the initial system G controlled by the supervisor
S. The closed-loop system S/ G is a Discrete Event System that can be characterized
by the language L(S/G) which is recursively defined as follows:

1. €€ L(S/G)
2. [(se L(S/G))andso € L(G)and o € S(s)] & so € L(S/G)

Next we recall the definition of a controllable language Wonham (2003).

Definition 1 Let G be an FSM modeling the system and K € L(G) the prefix-closed
specification. Then K is controllable with respect to %, and G (or L(G)) if KT, N
L(G) C K.

In general, given a system G and a (prefix-closed) specification K € L(G), K is
not controllable w.r.t. L(G) and X,., which means that it is necessary to restrict the
behavior of K in order to obtain a sublanguage of K that is controllable with respect
to both L(G) and Z,..

Basic Supervisory Control Problem Wonham (2003). Given a system modeled by
an FSM G and an expected language K C L(G), the problem is to build a supervisor S
such that L(S/G) C K, and for any other supervisor S', L(S'/G) C K = L(§/G) C
L(S/G).

Remark 1 This definition can be extended to the case where K € L(G) by consider-
ing K N L(G) as a new specification.

In the sequel, we will be more interested in the computation of S/ G rather than in
the computation of the supervisor S itself, since one can easily extract S from S/ G.
One solution of this problem is given by the supremal controllable sub-language of K
w.r.t. £, and L(G) (see Wonham 2003) and is denoted K or SupC(K, ¢, L(G))
in the remainder of this paper. If both the system and the specification are given
by one FSM, then the complexity of computing SupC(K, .., L(G)) is linear in the
number of states of both the system and the specification.

If many specifications are requested, the supervision can be achieved in a mod-
ular fashion Wonham (2003); Wonham and Ramadge (1988). Each specification is
implemented by a supervisor, say S;, and the global control action is then given
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by S(s) = S1(s) N--- N S,(s) (See Fig. 3). Based on this modular control policy, the
behavior of the controlled system under the supervision of § is simply given by

L(S/G) = L(S;/G)N---N L(S,/G)

In some situations, it is also of interest to compute the infimal prefix-closed and
controllable superlanguage of K w.r.t. L(G) and %,.° This language is denoted
KV©-¢ and corresponds to the smallest prefix-closed language that contains K and
that is controllable w.r.t. ¥, and L(G). It can be shown (see e.g. Cassandras and
Lafortune 1999) that

K9 = K3* N L(G) )

uc
2.3 Concurrent discrete event system

In this paper, our purpose is to control a system composed of several components,
sharing common events. To do so, let us consider a system G modeled as a collection
of FSM G; = (i, Qi, qoi, 8) (1 < i < n), with ; # X;. The alphabet X of G is given
by £ =, £i, and G represents the composition of FSM (G 1<i<n't

G=Gi |- Gn
where the operation || is the classical parallel composition (i.e. G| || G, represents

the concurrent behavior of G| and G, with synchronization on the shared events).

Definition 2 Let G; = (%, O, 9o,, i), i = 1,2 be two FSM. The parallel composition
G, || G, of Gy and G, is the FSM G = Acc((Z, O, q,,8)) where & = X, U X,, O =
01 x Q2,90 = (4o, q0,), and § is defined by: for allg = (g1, ¢2) € Qando € X

(81(0,q1), q2) ifo €di(q1)\ X,
(q1, 62(0, q2)) ifo €8(q2) \ ¥y
8 ) ) - :
(@ A0 22D =1 15,6, 91), 200, 2)) i & € 81(g1) N 82(q2)
Undefined otherwise

where the function Acc deletes the states that are not accessible from the initial state
and update the transition function according to the new set of states.

Given a concurrent discrete event system {G;}<i<,, with L(G;) € X7, we simply
denote by P; the projection from X* to £ and by P;' the inverse projection from
¥ to X"

Based on these operations, the language resulting from the parallel composition®
of FSM is characterized by:

L(G)=L(G || - || Gp) = L(G)) || -+ | L(Gy)
= P{'[L(G)IN--- N P [L(Gy)] (3)

3This language and its constructive definition will be useful for technical reasons in Theorem 4.

4Note that even though useful for theoretical reasons, the FSM G will never be computed in the
remainder of this paper.

3By slight abuse of notation, we use the same || notation for the parallel composition of languages.
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Fig.1 G and its components

{ur, 0} b
{us,0} “
a uy y
{u1,b}
) (b) Py (Go) (c) G

In the remainder of the paper, we will denote P; '(G;) the FSM such that
L(P; Gy = P; Y(L(G))) obtained from G; by simply adding self-loops labeled by
events in T \ X; to each state of G;.

Example]l Let G =G, | Gy, with L(G)) ={€,a,uj,a.b,u;.b} and L(G,) =
{e,a,auy}. We have ¥ = {a,u;, b}, £, = {a, u,}. Figures 1a and 1b represent the
FSM generating Pl_l(L(Gl)) and P2_1(L(G2)), whereas Fig. 1c is the FSM G (note
that the FSM G| and G, can be easily obtained from Figs. 1a and 1b by removing the
self-loops).

Event status: given a CDES (G)),<, modeling G, we denote by X the set of shared
events of G. It represents the set of event shared by at least two different subsystems:

z =JEinz)
i#]
The alphabet of one subsystem G; is split into the controllable event set X; . and the

uncontrollable event set X; ¢, i.e. ¥; = ;. U ;.. The alphabet of the global system
G is given by:

2=U2i,zc=UEi_c,and Twe =3\ 2.
1 13

Moreover, we assume that the following relation holds between the control status of
shared events:

Vi, j, Ziue N Zjec =10 4)

which simply means that the components that share an event agree on the control
status of this event. Under this hypothesis, we have that ¥,, = U;%;,.. Note that
this assumption is not restrictive whenever a centralized approach is considered (See
Section 3.1.2 which explains our approach).

The following technical lemma recalls the link that can be made between L(G)
and the languages P; ' (L(G))).

Lemma 2 (Eq. 3.1 of Willner and Heymann 1991) Let G a concurrent system
modeled by {G;}i<i<n,s € L(G),i € {l,...,n}ando € %;\ X. Thenso € L(G) <
so € P7N(L(G)))
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3 Control of concurrent DES

Let G a concurrent system to be controlled, modeled by the set of FSM {G;}<;<,, and
K C X* be the specification not necessarily included in L(G). Based on remark 1, the
problem we are interested in is the computation of the supremal controllable sub-
language (K N L(G))' of K N L(G) w.r.t. £, and L(G). As we consider concurrent
systems, the construction of the entire system may not be feasible (due to the
state-space explosion resulting from the composition), as well as the construction of
an FSM generating K N L(G).> Moreover, the use of classical supervisory control
methodologies (See e.g. Cassandras and Lafortune 1999; Wonham 2003) may be
impractical. It is then important to design algorithms that perform the controller
synthesis phase by taking advantage of the structure of G without building it. Hence,
the actual problem is to compute (K N L(G))' without computing neither L(G) nor
KN L(G).

3.1 Various approaches

Due to the concurrent nature of the system it seems quite natural to solve the con-
trol problem using a decentralized methodology based on the structure of the
system. First introduced in Willner and Heymann (1991), this corresponds to the
classical approach that has been investigated in the literature so far De Queiroz
and Cury (2000a); Jiang and Kumar (2000); Lee and Wong (2002); Rohloff and
Lafortune (2003).” However, it is worthwhile noting that a centralized approach can
also be used to solve this problem. We now briefly outline the works of Willner
and Heymann (1991) based on a decentralized approach before presenting our
methodology based on a centralized but modular approach and pointing out the
differences between these two approaches.

3.1.1 A decentralized approach

The works of Willner and Heymann (1991) is related to the decentralized control
theory. The authors consider the control of Concurrent Discrete Event Systems G
modeled by several subsystems {G;},<;<,. Given a specification modeled as a prefix-
closed language K, they provide a method that computes local modular supervisors
S; on G; (based on a notion of separable specification (See Definition 3)) and to
operate the individually controlled system S;/ G; concurrently in such a way that the
controlled behavior corresponds to the supremal controllable sublanguage of KN
L(G) w.r.t. L(G).

Definition 3 L C X* is said to be separable w.r.t. {%;},<, with U,,%; = X, whenever
there exists a set of languages {L;}i<,,s.t. L; S X and L= L; || --- || L,.

®When L(G) is computable, one may assume that K C L(G) (it is sufficient to consider the
computable language K N L(G) as new specification), however this would be a restricting hypothesis
in our framework as K N L(G) is not computable in general.

7Even though differently presented, one can use a decentralized architecture to implement the result
of De Queiroz and Cury (2000a).
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Fig. 2 A decentralized
architecture for concurrent [ _G_ I
DES | |
| |
| |
G G
S| 200 |5
| |
| |
U b e = d

It may be shown that when L is separable w.r.t. {X;};<,, then this language
can be rewritten as : L = P;(L) || --- || P,(L). Now, based on Definition 3, the
authors of Willner and Heymann (1991) show that, given a concurrent system
G modeled by {G;},<i<, and K C ¥*, if ¥; C ¥, then there exists a set of local
supervisors (S;)1<i<, such that ||;<i<, L(S;/G;) = SupC(K N L(G), Zye, L(G)) if and
only if SupC(K N L(G), Z,¢, L(G)) is separable. Even though interesting, this result
requires to build SupC(K N L(G), £,., L(G)) and to check whether it is separable or
not. Nevertheless, the authors show the following theorem that does not request this
verification:

Theorem 1 Let G a concurrent system modeled by {G;}<i<n, with L(G;) € £} and
K C ¥* the specification. If Xy € X, and K is separable w.r.t. {Z;};<,, then

lizn SupC(Pi(K) N L(G)), Ziue, L(Gi)) = SupC(K N L(G), Zye, L(G)).

Hence, given a concurrent DES G and a separable specification K, Theorem 1
shows that there exists a set of local supervisors S; acting upon G; such that
li<n L(Si/Gi) = (KN L(G)'¢ (c.f. Fig. 2).

Complexity overview. If K is separable w.r.t. {¥;};<, (which can be checked in
O(N;’;“l),8 where Nk is the size of the FSM that generates K), then synthesizing
the local supervisors requires the computation of the projection of K over %;. In the
worst case, the size of the FSM that generates P;(K) is in O(2"x). Hence, in the worse
case, solving the supervisory control problem requires O(n.2V<.N + N?l) in both
space and time where N is the size of each component. Note that if the specification
is directly given as a concurrent specification K' || --- || K" that is compatible with
the alphabet of the system then the complexity raises down to O(n.N.Ng), where
N is the size of each component K. We will come back to this point in Section 4.2.

3.1.2 Our approach

In the previous works, the specification is requested to be separable, which is a quite
restrictive condition. Indeed, this condition does not allow to model a particular
behavioral interleaving between different components or a particular scheduling of
actions that belong to different components. So, our aim is to find another methodol-
ogy for which this condition is not needed. Instead of adopting a “decentralized”

8Where O means order (See Papadimitriou 1994, for details).
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Fig. 3 Supervision scheme

S(s)
- -1
e G ]
B

approach we prefer to use a “centralized and modular” approach Wonham and
Ramadge (1988) as shown in Fig. 3. Rather than derive local specifications according
to each subsystem, the idea consists in approximating the global system according
to each subsystem, and enforcing the initial specification with respect to these
approximations leading to the computation of several supervisors. Each of them is
assumed to observe the whole behavior and to give access to the set of events that
are allowed after a trace of the system.

From a computational point of view, the system G can be described by the
following parallel composition of FSM

G=P (Gl | PG, (5)

where P;'(G;) is the FSM such that L(P;'(G:) = P;'(L(G))) € =*. In fact, each
P '(G)) can be seen as an approximation of the system G, which corresponds to
all the behavioral knowledge that we may deduce on G from G; knowing that this
component is coupled with other components.

Further, compared to Willner and Heymann (1991), given a specification K,
instead of performing computations w.r.t. each component G; (i.e. L(G;)) in order
to enforce P;(K), we have chosen to perform the computations from P; YL(G))) in
order to enforce K in a modular fashion. Hence our problem is to find conditions
under which we are able to synthesize supervisors such that

L(Si/PyN(G )N -+ N L(Sa/ P, (Gr) = (KN L(G)'™

Unfortunately, it is not sufficient to compute a supervisor §; w.r.t. P; '(G)) that
restricts the behavior P; '(L(G))) to the supremal controllable sublanguage of
KnN Pi_'(L(Gl-)) w.r.t. ¥, and P;I(L(G,-)) and to coordinate the supervisors S;
according to Fig. 3 to obtain the supremal controllable sublanguage of K N L(G).
The result may be not controllable.’ This is basically due to the duality between
the local and global controllable events. The idea is then to refine the notion of
controllability in order to take into account the fact that uncontrollable events may
be local to a component. The property that we ensure on each P;'(G;) according to
K is called the partial controllability condition and is defined in Section 3.2.

%If for all i < n we compute the supremal controllable sublanguage of K N PL._1 (L(G))) w.r.t. ¢ and
P;l (L(G))), then the result may be not maximal.
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3.2 Partial controllability condition

Definition 4 Let M € L C X* be prefix-closed languages. Let £/,. € %, € X be two
sub-alphabets of . Let M’ € M, then M’ is partially controllable with respect to X,
Yue, M and L if

(a) M’ is controllable w.r.t X/, and L.
(b) M’ is controllable w.r.t ¥, and M.

Intuitively, L will be seen as an approximation of the system w.r.t. one of its
components and M as the initial specification (C.f. Section 3.3.1 and Theorem 2).
Now given a sub-behavior of M, the idea is that we may allow the violation of
the controllability condition by triggering an uncontrollable event o that is not
local(ie. o € T, \ £/,.), because L only constitutes an approximation of the sys-
tem and because at least one of the other supervisors, computed from the other
approximations, will avoid these events to be admissible. However, we still want to
enforce the controllability of M’ w.r.t. M and X, because M will constitute the actual
specification and not an approximation.

In general, M is not partially controllable with respect to £/, £,., M and L (e.g.

if M is not controllable w.r.t. ¥/ and L). However, it can be shown that there exists
a supremal sub-language of M that has this property.

’

Proposition 1 Let M C L C X* be prefix-closed languages, ¥/,. C X,.. There exists a
’

unique supremal language, denoted by M'P¢, which is partially controllable w.r.t =/,
Yue, M and L. Moreover

M'P¢ = Mtre = SupC(SupC(M, X/, L), Tye, M) (6)

uc?

Proof First of all, the set of partially controllable languages w.r.t &, ., ¥,.,, M and

uc?

L is not empty, since ¢ is partially controllable w.r.t X, ., ¥,., M and L. Now let
M’ € M be a partially controllable language w.r.t ¥/, ¥,., M and L. Since M’ C
M is controllable w.r.t ¥/ and L, M’ € SupC(M, X/, L), and by monotony of the

uc?
SupCq(e, X, M) operator, we have that

SupC(M', =y, M) € SupC(SupC(M, X! ., L), Zye, M)

uc?

Now, M’ € M is controllable w.r.t ¥,. and M. This entails that M’ = SupC(M’,
Eum M), and ﬁnally

M’ C SupC(SupC(M, X! ., L), Zye, M)

uc?

which entails that SupC(SupC(M, ¥/, L), ¥,., M) contains any sub-language of M

uc?

that is partially controllable w.r.t ¥/, , ¥,., M and L.

Let us now show that SupC(SupC(M, X,, L), X, M) is partially controllable
wrtXx ¥, Mand L.

uc?

@ Springer



190 Discrete Event Dyn Syst (2007) 17:179-209

(a) Lets e SupC(SupC(M, £/, L), Ty, M) and o € ¥/ such that so € L. As

uc?

SupC(SupC(M, X! , L), Tye, M) € SupC(M, X!, L)

uc’ uc’

we obtain so € SupC(M, %, L)X, . N L. Hence, by definition of controlla-
bility, so € SupC(M, X/, L) and as SupC(M, =/, L) € M, we also have that
so € M.

Moreover, since X/ .CX,., we obtain that so € SupC(SupC(M, X/, L), Ty,

uc — uc’

M)X,. N M. Hence, by definition of controllability again,

so € SupC(SupC(M, =/ ., L), Zye, M)

uc?

Thus SupC(SupC(M, %/,., L), Ty, M) is controllable w.r.t. ¥/ and L.

uc’

(b) By definition, SupC(SupC(M, X!, L), E,., M) is controllable w.r.t £, and M.

uc?

Finally SupC(SupC(M, ¥/, L), X, M) is partially controllable w.r.t X/ ., ¥,., M

uc’ uc?

and L. Moreover, it contains any partially controllable language w.r.t ¥/, X,., M

and L. Therefore, it is the supremal (and we denote it by M'?¢). The fact that M'?°
is prefix-closed is trivial since the SupC() operator preserves the prefix closure. 0O

Proposition 1 offers a practical way to compute M'P¢, the supremal partially
controllable sub-language of M w.r.t. to ¥/, ¥,., M and L. This language will be

sometimes denoted SupPC(M, X ., .., L) in the sequel. It can then be shown that

uc’

the required complexity for the computation of M'7¢ is in O(Ny.Ny), where Ny
(resp Np) is the size of the automaton generating M (resp. L).

3.3 Control of concurrent DES

Given a concurrent DES G modeled by FSM {G;},<;<,,, and a specification K, we
want to compute a controllable sub-language of KN L(G) w.r.t. L(G) and X,
without having to build G itself.

3.3.1 Modular computation of a controllable sub-language of K w.r.t. L(G)

Based on the concept of partial controllability applied on K and on the approxi-
mations of the system P} Y(L(G))) derived from each of its components, the next
theorem provides a modular way to compute a sub-language of K that is controllable
with respect to the system.

Theorem 2 Let G a concurrent system modeled by FSM {G;},<i<, and let K C ¥* be
a prefix-closed language modeling the specification. For i < n, we denote

Y Ki =KnN P:l(L(Gl))) and
R K[Tpc the supremal sublanguage of K; partially controllable with respect to %; .,
Yo, Ki and P (L(G)).

Then, KITPC N---N KNP is controllable with respect to Ty and L(G).
@ Springer
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Proof First, since K and L(G;) are prefix-closed, then for i <n the languages
P Y(L(Gj)) as well as K; and KIT P¢ are prefix-closed (Proposition 1). Now, according
to Definition 1, we have to show that

(ﬂ K] "C) Zue N L(G) € (K7

i<n i<n

K¢ and ¢ € ¥, be such that s.0 € L(G). We thus have to show that

i<n "M

Lets e

50 € (Nizn K7, Without loss of generality we can assume that o € £ .

Since so € L(G), so € P;'(L(G))). Hence we have so € K[”°%, . N PT'(L(G))).
Moreover, according to Definition 4, K IP “is controllable w.r.t. 1 uc and P[' (L(G))),
from which we can conclude that so € K ,“’ ‘.

As so € K7, we have that so € K. And as so € L(G), then Vi<n, so e
P! (L(G))), which entails that Vi < n, so € K; = KN P;'(L(G))). Hence, Vi < n,
so € K;'7°%,. N K;. Now, according to Definition 4, Vi < n, KiT P¢ is controllable
w.rt. B, and K;. Hence Vi < n, so € K7, which entails that so € ), K. m]

Theorem 2 gives us a modular method to compute a sub-language of K that is
controllable w.r.t. L(G) and X,.. Moreover, this computation is performed without
building the system G (i.e. there is no need to perform the parallel composition
between the components of G). From a computational point of view, based on
Section 3.2, for i < n, the computation of KlT P¢isin O(N.Ng) (where N represents
the number of states of any sub system G; and Nk the one of the specification K).
Example 2 Let G = G, || Gy, as described in Example 1 with ¥, = {¢;} and X, =
{u»} and let us consider the specification given by the language K C ¥* as described
in Fig. 4a.' Our aim is to compute a sub-language of K N L(G) that is controllable
w.r.t. L(G) and %,,.. Following Theorem 2, we first compute the languages K; = K N
Pi_l(L(Gi)), i =1,2. The FSM generating K; and K, are represented in Figs. 4b
and 4c.

Now based on Eq. 6, we compute K!7° (resp K17°), the supremal language of K|
(resp. K») that is partially controllable w.r.t. ¥,., ¥, and Pl_l(L(Gl), (resp Zo.ue

Fig. 4 K and the derived
specifications K; and K>

uy U

10Note that b belongs to the alphabet of K even though it cannot be triggered.
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Fig. 5 The resulting supremal
partially controllable
languages u2
uy a uy E

(a) K* (b) K

and P, "(L(G»))) (cf. Fig. 5). The intersection of these two languages is the language
K17 N K17 = {e, u,}, that is obviously controllable w.r.t. L(G) and Z,.

Let us now describe the way a supervisor can be extracted from the previously
computed languages and how it can act upon G in order to achieve the specification
K. With the notations of Theorem 2, (), Kf ¢ is controllable with respect to
Y. and L(G). However, it is not interestir_lg to perform the intersection between
these languages and to derive a supervisor from the result (all the computational
advantages of our method would be lost).

Each KiT P¢ can be seen as a supervisor S; which is able to restrict behaviors
of P, 1(G)) to a controllable one with respect to X ,.. Since P Y(G)) is an over-
approximation of G, it is also possible to apply S; to G. Doing this for all i leads
to the concept of modularity described in Wonham and Ramadge (1988). But since
the controlled systems generated by two different S; are controllable with respect
to two different sets of uncontrollable events, the results of Wonham and Ramadge
(1988) cannot be used. But Theorem 2 justifies the use of a modular architecture.
Hence, from a given behavior, only events enabled by all the S; (derived from K; Py
are effectively enabled. In other words, the global supervisor acting upon G is given
by S(s) = Si(s) N---N S, (s). The supervisor architecture is summarized in Fig. 3.

3.4 Computation of (K N L(G))'¢

The above methodology allows us to compute a controllable sub-language of K N
L(G). Indeed, according to Theorem 2, we have that [,_, KIT P¢ is a controllable
sub-language of (K N L(G))'. However, it may happen that this language is not
the maximal permissive one (As in Example 1 in which the supremal controllable
sublanguage of K N L(G) is given by (K N L(G))' = (€, a, u, au,}). In this section,
we present some conditions under which Theorem 2 gives access to the supremal
solution.

First, it is worthwhile noting that, in general, uncontrollable shared events are
not adequate to perform local computations. Indeed, in order to ensure the partial
controllability of K; w.r.t. ¥;,., Xy, P[I(L(G,-)), we may need to disable a shared
uncontrollable event by control, even though this event is not fireable in the global
system (this is due to the fact that we are working on approximations and thus with
local informations). This leads us to restrict the class of the concurrent DES to the
class of concurrent DES that do not share uncontrollable events (i.e. £; C X.). Next,
we show that, under this new assumption, (K N L(G)) ¢ verifies point (i) of the partial
controllability definition.
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Lemma 3 Let G be a concurrent system modeled by FSM {G;},<i<, and K € ¥* a
prefix-closed language modeling the specification, then if ¥; C X, then Vi < n, (KN
L(G))'¢ is controllable w.r.t Z; ue, P;'(L(G))).

Proof Let i <n. Let us consider s € (KN L(G)' and o € ¥iuc such that so €
Pi_l(L(Gi)). We have to show that so € (KN L(G))'. Since 0 € ¥;,. and I, C =,
we have o € %; \ X,. Moreover, s € Pi_l(L(Gi)), s € L(G) and so € Pi_l(L(Gl-)),
which entails that s € L(G) (Lemma 2). Now, as ¥, € %,., we have that so €
(KN L(G)H)'.Zue N L(G). Since (K N L(G))' is controllable w.r.t £,. and L(G),
this entails that so € (K N L(G))°. m]

3.4.1 The specification is a subset of L(G)

Based on this lemma, Theorem 3.4.1 shows that whenever the specification models
sub-behaviors of the system (i.e K C L(G)), then applying Theorem 2 provides a
maximal permissive supervisor.

Theorem 3 If ¥, C ¥, and K C L(G), then with the notations of Theorem 2,
ﬂi<n KTPC = KTC'

L

Proof From Theorem 2, (N, K!” € K'¢. It is then sufficient to show that K¢ C
Min Kfpc or, equivalently that Vi < n, K'¢ C K?pc. To do so, we choose i < n and
prove that K'¢ is partially controllable w.r.t. ¥; ¢, 2., K; and Pi’l(L,»).

(a) First, according to Lemma 3, K'¢ is controllable w.r.t ¥;,, and Pi’l (L(G))).

(b) Let us now show that K'¢ is controllable w.r.t. ¥,. and K;. Let us consider
s € K™, o € %, such that so € K;, we have to prove that so € K'¢. Since so €
K; € L(G),so € L(G). We then have s € K'¢, o € ¥, and so € L(G). Hence,
because K¢ is controllable w.r.t. £, and L(G), so € K'°.

This proves that K'¢ is partially controllable w.r.t. X; e, Zuc, Ki, Pl-_1 (L(G))). Now,
as Kfpc is supremal and partially controllable w.r.t. ; ¢, Xy, Ki, Pl._1 (L(Gj;), we can
deduce thatVi < n, K' C KI.TPC. Finally, K € N,_, KI.TPC and the proofis done. O

Theorem 3 states that whenever the shared events are controllable and the
language of the specification is included in that of the system, our method computes
the supremal controllable sub-language of K w.r.t. L(G) and ¥,.. We recall that
the complexity of our method is in O(n.N.Ng). This has to be opposed to the
complexity O(N".N) of computing (K N L(G))' when G is seen as a unique FSM
(of course this complexity only stands for prefix-closed specification). Finally note
that it is sufficient to check that V1 <i <n, K C P;I(L(Gi)) in order to check that
K € L(G). Hence, it is not necessary to compute L(G).

Example 3 Let us consider the system given in Fig. 1 again, and the specification
given by K = {uy, au,}. It is easy to show that K € L(G). Moreover, for this
specification, we have K = K7 = K,'7¢, which implies that K;'7 n K, = K.
Hence according to Theorem 3, K = SupC(K, X, L). O
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3.4.2 The specification is locally consistent w.r.t. L(G)

In some situations, modeling the specification by a language included in the language
of the system may lead to a language that is too complex to be efficiently represented.
Moreover, requiring the inclusion of languages makes that the specification of K may
be itself relatively difficult to identify insofar as L(G) is not known (the inclusion
can only be checked a posteriori). One can consider a specification that requires the
system to trigger only once a particular event, say a. As such, this specification can be
modeled by an FSM with two states. However, if we request this specification to be
included in the behavior of the system, we would have to unfold the system in order
to only take into account the behaviors that match this specification.

To alleviate these problems (size, inclusion and difficulty of modeling), we now
introduce a new condition under which our methodology gives access to the supremal
controllable sub-language of K w.r.t. L and X,.. This condition does not require
the specification to be included in the one of the system and allows us to have
specifications that are relatively independent of the system. This condition is called
local consistency and is given by Definition 6. But first, we introduce the notion of
consistency:

Definition 5§ Let ¥’ C ¥ be two alphabets and let M € ¥* be a prefix-closed lan-
guage. Let us consider alphabets ¥,, € ¥ and ¥/ =X, NX'. M is said to be

uc

consistent with respect to X, and Ps if Vs € M, ¥s' € M(s, Z,.), "' Vo € X

uc?
Ps/(sho € M(s, X)) = s'c € M(s, Zyc).

Definition 5 captures a certain interleaving between the local (¥;,) and global
uncontrollable events. In particular, among other aspects, this condition induces that
if after a sequence s of M, there is a local uncontrollable event that is admissible,
then this event is admissible whenever M triggers uncontrollable events that belong
to £, \ £/, (C1. Fig. 6)).

Fig. 6 An aspect of the Definition 5 reflecting the interleaving

lSee Eq. 1.
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Fig. 7 The two components

Gjand Gy of G
1 an 20 u/1<5 U/2

(a) G1 (b) G2

Definition 6 Let us consider a concurrent system G modeled by FSM {G;},<;<, and
K be a prefix-closed language over X. K is said to be locally consistent with respect
toX,.and GifVie{l,...,n},

KN P7'(L(G))) is consistent with respect to X, and P;.

Therefore, a language is said to be locally consistent for a concurrent systems
whenever it is consistent according to each local subsystems. Intuitively, if K is locally
consistent with respect to X, and L(G), then it means that the possible interleaving
between the local/global uncontrollable events w.r.t. each approximation of the
system are taken into account in the specification K. Roughly speaking, it means
that K respects the interleaving between the local and global uncontrollable events
as long as they happen in the approximations.

Example 4 Let us consider the concurrent system given by the parallel composition
of G| and G, , respectively, represented in Figs. 7a and b. The sets of uncontrollable
events are, respectively, given by %; = {u;, u}} and X, = {u,, u}}. In this example,
we consider several specifications, given by Figs. 8a,b,c and d. In order to check the
local consistency of K/ we need to check the consistency of K/ N P YL(G)) w.r.t.
Y. and P;H(L(G))).

It is easy to show that both K! and K? are locally consistent w.r.t. G. However,
one can check that K* is not locally consistent because K> N Py Y(L(G,)) is not
consistent. Indeed, in K3 N P;'(L(G,)) (= K?), we have that P;(u;).u, € K> (since
Py (uy).us = u,) while uy.u, ¢ K3. Finally, whereas K* seems very similar to K3, K* is
locally consistent. Indeed, K* N Py '(L(G>)) = {u;} and is consistent. The difference
between K3 and K* is that the sequence u, belongs to Py Y(L(G,)) whereas i
does not.

Fig. 8 Different specifications
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Theorem 4 If ¥, C X. and K is locally consistent, then with the notations of
Theorem 2,

M, .., K" = &0 LG)™

Proof Let K C ¥* be a locally consistent language w.r.t. ¥, and G. According to
Theorem 2, we have that (,_, KIT P¢ is controllable w.r.t. £, and L(G) and is included
in (K N L(G))'¢. We thus have to show that Vi < n, (KN L(G))' C Kf”c.

To do so, let us consider i <n and ((KN L(G))™)%k¢ (the infimal prefix-
closed and controllable superlanguage of (KN L(G))' wr.t. 2, and K;). We
now prove that ((K N L(G))™)VXi¢ is partially controllable w.r.t ¥; ¢, Z,c, K; and
P (L(Gy). Indeed, if (K N L(G))™)VKi< is partially controllable w.r.t %; e, e,
K; and P;'(L(G))), then we will have that (K N L(G))")VK-¢ € K;'P¢. Moreover,
as (KN L(G)'™ C (KN L(G)™) K¢ we will also have that (K N L(G))'® € K;7¢
and the proof will be done.

Let us now show that ((K N L(G))™)VKic is partially controllable w.r.t %;,,,
e, K; and Pl._l(L(G,-)). According to Definition 4, we have to show that
(K N L(G))T)4Kic is (a) controllable w.r.t. ¥;,. and Pi_l(L(Gl-)) and (b) control-
lable w.r.t. ¥, and K;. Point (b) is obvious since by the definition of the infimal
controllable language w.r.t. £, and K;, (KN L(G))T")”(“C is controllable w.r.t. 3,
and K;. Let us now prove the point (a).

Let us consider s € (K N L(G))')¥X¢ and o € %;,, such that so € P;'(L(G))).
We have

so € (KN LG)') .S N PTHL(G))
Moreover, according to Eq. 2,

(KN LGHIYKee = (KN L(G)H'°.T* N K;

Thus, s is of the form s = st with s’ € (KN L(G))* and r € ¥*..Now, asso =s'to €
P;'(L(G))), we also have that s' P;(to') € P;'(L(G;)) (Lemma 1).

We now have that s' € (KN L(G)', P(to) € X}, and s'Pi(t0) € P;'(L(Gy).
We then have that s’ P;(to) € (KN L(G))'¢ as (KN L(G))™ is controllable w.r.t.
%iuc and Pi_l (L(G;)) (Lemma 3). Finally, as s’ P;(to') € (K N L(G))'* C K;, we obtain
Pi(to) = Pi(t)o € K;(s', Ziuc). But K; is consistent since K is locally consistent
(Definition 6). We thus obtain that to € K;(s', ¥,.) (Definition 5). Hence so
(= s'to) € K; and it entails that

so € (KN LG)™)VKe s, NK,;

As (KN L(G)™)'Kec is (by definition) controllable w.rt. £, and K;, so
(KN LG)T)YKie. Thus (KN L(G)')VK¢ is controllable w.r.t. ¥, and

P7H(L(G).
Finally, (KN L(G)To)tKie jg partially controllable w.rt %;,., X,, K; and
P; L(L(G;)), which concludes the proof. O

Theorem 4 states that the local consistency condition together with ¥; C X,
are sufficient conditions under which our approach solves the Basic Supervisory
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Control Problem."> Now, given prefix-closed languages K and L(G), the complexity
of checking local consistency is O(n.N*.N%) (where N denotes the number of
states of the FSM generating K and N represents the number of states of any sub
system G; (See Gaudin 2004, for details regarding how the local consistency check
is performed). Moreover, as previously mentioned, the complexity of computing
(K N L(G))™ with our method is O(n.Ng.N). Therefore, whenever our method can
be applied, its overall complexity is O(n.N>.N%).

3.5 How to relax the ¥; € ¥, assumption

According to Theorems 3 or 4 in order to solve the Basic Supervisory Control
Problem, we do require (1) the specification to be locally consistent or to be included
in L(G) and (2) the shared events to be controllable. However, none of these
conditions is necessary (only sufficient) to obtain a maximal solution. In the next
corollary we actually show that it is possible not to consider the second condition
as far as the uncontrollable shared events are not involved during the computation
phase. Moreover, the modular computation approach gives an efficient way to check
for this. If this property holds, then our approach provides a maximal solution to the
BSCP, even if some shared event are uncontrollable.!3

Corollary 1 Consider a concurrent system G modeled by FSM {G;},<i< s.t. L(G;) C
YFand K € ¥*. If K € L(G) or K is locally consistent w.r.t . \ X5 and G and if
Vi, Sup PC(Kj, Tie: Zue, Py (L(G))) = Sup PC(Ki(Ziuc\ Zs), (Zuc\ ), Py (L(G))
(™)
Then
() SupPC(Ki. Tier Bue: Pr'(L(G))) = SupC(K N L(G), Sue, L(G))

If Condition 7 holds then it simply says that uncontrollable shared events are not
involved in the computation of the supremal partially controllable sub-language of
K with respect to %; . and X, (i.e. considering ¥, ,. N X as controllable or not gives
access to the same solution). Now let us prove Corollary 1.

Proof Let us first consider the language SupC(K N L(G), (Zyc \ Xs), L(G)) which
can be seen as the supremal controllable sub-language of K N L(G), considering that

the shared events are controllable. Then as K € L(G) (resp. K is locally consistent
w.r.t ¥, \ %), based on Theorem 3 (resp. Theorem 4), we have that

(\SUPPC(K:, (Sie \ o). (Zue \ o). P (L(G)))

= SupC(K N L(G), (Zuc \ Zy), L(G)) (8)

2In Gaudin and Marchand (2004a), a similar result was obtained but with a more restrictive
condition named G-observability.

13This property can be helpful in some non- trivial cases. See Section 5, in which the AGV problem
is treated.
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But by assumption,

(\SupPC(K:, Sier Zue. P (L(G)))

= ()SupPC(K;, (B \ ), (Zue \ ), P (L(G))) )

Then according to Egs. 8 and 9, we have

() SupPC(Ki. Ziuc. Sues P (L(G)) = SupC(K N L(G), Sy \ Ty, L(G))

Now, according to Theorem 2, (); SupPC(K;, Zj e, Zuc, Py Y(L(G)))) is controllable
w.r.t ¥, and L(G), which entails that

() SupPC(Ki. Siue. Tue. P (L(G)) € SupC(K N L(G), Tyee LIG)  (10)

As (2 \Z5) C Xy, we have SupC(KNL(G), ye, L(G)) SSupC(KNL(G), E,0\ s,
L(G)). Hence, SupC(K N L(G), Zye, L(G)) S(); SupPC(K;, Ziue, Zuies Pi_l(L(G,-))).
Overall, we obtain,

m SUPPC(Ku Ei,l{cv Zua P:I(L(Gl))) = SUPC(K N L(G), Euc'a L(G))

4 Some comments regarding the specification

The previous section provides a modular method that efficiently computes the
supremal controllable sub-language of a specification K with respect to a concurrent
system G. This computation is performed without having to build the whole system
G. To capture the maximality property, we request K to be either included in L(G)
or locally consistent w.r.t. G and %,.. However, one of the drawback of our method
is that we required so far that the specification is modeled by a unique language and
it is worthwhile noting that the complexity of our method depends on the size of the
specification, which in turn may be, for example, modeled

(1) Either by a collection of specifications K’ € ©* that have to be ensured at the
same time in a modular way (Note that K; € £7).

(2) Or modeled itself as a separable specification K C ¥*, obtained by synchroniz-
ing several local specifications K; € X, i.e. K = K| - - - | K.

Next, we investigate how to apply our methodology when the specification is either
modular or separable. To simplify the proof and the notations, we assume that the
shared events are controllable knowing that we may further relax this condition as
shown in Corollary 1.

4.1 Modular specifications

Assume that the global specification is given in a modular way e.g. KN K’, with K C
¥*, K' € ¥* and K, K’ prefix-closed, we then have the following result:
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Proposition 2 Let G be a concurrent system modeled by FSM {G;},<;<, such that
¥y € %, K and K’ be two prefix-closed languages over X¥*. Fori < n, we denote

e K;=KnP ' (L(G)),and K, = K'N P (L(Gy))
° K;pc (resp. Klf“’”) the supremal sublanguage of K; (resp. K}) partially control-
lable with respect to % ¢, Xye, K; (resp. K}) and Pi_1 (L(G))).

If K and K’ are either included into L(G) or locally consistent, then

(K70 ()K" = (KN K') N L(G))H<

i<n i<n

Indeed, from Wonham and Ramadge (1988), we have that
(KNLGH'N(K' N LG)HT = (KN K')) N L(G))T1E©@)e

then in the case of prefix-closed languages, the modularity results in Wonham and
Ramadge (1988) together with the results of Theorem 3 or 4, ensure the results as
far as the conditions of these theorems are satisfied by the two specifications, which
is the case by assumptions.

Remark 2 Note that this is only a sufficient condition, it may be the case that K N K’
respects either the inclusion condition or the local consistency condition but not K
or K'. In this case, we still need to compute the whole specifications.

4.2 Separable specification

In Willner and Heymann (1991) the authors introduced the notion of separable
languages and proved that when the specification is separable then there exists a
set of local supervisors acting upon each component so that the controlled behavior
is equal to (K N L(G))'¢ (see Section 3.1.1). It is interesting to compare the class of
languages that are separable with the class of languages that are locally consistent.
This is the aim of the next proposition.

Proposition 3 Consider a concurrent system G modeled by FSM {G;},<i<, such that
L(G)) € X} and K C X*. Then, under the assumption that ¥, C %, if K is separable
w.r.t. {Z;}1<i<n then K is locally consistent w.r.t £, and G.

Proof Let K C X* be a separable (Definition 3) language w.r.t {%;}1<;<,. Then for
i <n,let L} € ¥} be such that K =||,<;<, L. Now, for any i < n, let us consider the
languages K; = KN Pf] (L(G))). According to Definition 6, we have to show that
K; is consistent w.r.t X, and P;. Let s € K;, s’ € K;(s, £,c) and o € X, be such
that P;(s")o € K;(s, X,). It is then sufficient to show that 5’0 € K;(s, ¥,.). Now, as
s' € Ki(s, X,.), we have ss' € K; € K. Now as Vj, K C P~Y(L)) we also have that
v, Pi(ss’) € L]-’. Moreover, o € %; \ X, which entails that Vj # i, Pj(ss'o) = Pi(ss’)
from which we deduce that Pi(ss'c) € Lj’. Therefore, Vj #1i, ss'o € Pj’l(L/f). It is
finally sufficient to show that ss'c € P,T1 (L}). We have that s P;(s'c) € K; as Pi(s')o €
Ki(s, Z,c) and Pi(s")o = P;i(s'c). Hence sP;(s'c) € K which implies that sP;(s'c) €
Pr ](Lg). Finally, we can deduce from Lemma 1 that ss'oc € P; 1(L;). Hence the
result. O
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The previous proposition states that under the hypothesis that the shared events
are controllable, whenever the specification is separable w.r.t. {¥;},<;<, then it is
locally consistent w.r.t. any concurrent system having {¥;},<;<, as local alphabets.
Moreover, one can easily find a language that is locally consistent but not separable
(See e.g. K* in Example 4). This implies that the class of locally consistent languages
is strictly greater than the class of separable ones. Based on this result, one can note
that if K is separable (but not directly given as a concurrent specification), then
our methodology theoretically offers an alternative way to compute (K N L(G))'¢.
However, if K is a separable control objective modeled as K! || --- || K", then
applying our approach would require the computation of K which once computed
can be of the size of the system. This means that if our method is naively applied
then it is less efficient than that of Willner and Heymann (1991). Nevertheless, we
now demonstrate how our methodology can be adapted in order to obtain the same
complexity.

First we can remark that if K = K' || --- || K", then is it true that K = P;"(K") N
- N P;l (K™). The idea is then to consider the n Pi_1 (K") as n specifications that have
to be ensured on G and then to apply proposition 2. To that purpose, we first need to
check that these specifications respect the local consistency condition. Proposition 4
shows that this is useless.

Proposition 4 If X,C%. and K'C X} then Pi_1 (KY) is locally consistent w.r.t ¥, and
G=Gi |- Gn

Proof According to Definition 6, we have to show that, Vj < n, K/?, defined by K; =
Pl._1 (KN Pj_1 (L(G}))), is consistent w.r.t ¥, and P;. To do so, let us consider s € £*,
seX) andoeXj, s.tss'e K}‘ and s P;(s')o € K; We thus have to prove that ss'c € K;

According to the definition of K}, we have that sPi(s)o € P/fl (L(Gy) and
sPi(s"Yo € P;'(K'). However we have that

sPi(so € P (L(G)) = P(sPi(s')o) € L(G))

= Pi(ss'0) € L(G)) = ss'o € P].‘I(L(G,-)) (a)

Let us now show that ss'oc € P; ' (KY).

e Ifi=j then as sPi(s)o = sPi(s)o € P;'(K'), we have that P;(sP;(s')o) € K,
which entails that P;(ss'c) € K’ and finally ss'c € P;'(KY).

e If i # j, by hypothesis, we have ss’ € K/ and therefore ss' € P;'(K"). It means
that P;(ss’) € K'. Now as o ¢ X; (because o € Y juc and g € %), we also have
that Pi(ss'o) € K'. We thus deduce that ss'c € P;' (K.

Finally, knowing that Vj < n, ss'oc € P}-_I(L(Gj)) and ss'o € Pi_l(Ki), we have that
ss'c € KjandVj < n, K} is then consistent w.r.t. %, and P;, which entails that P7(KY)
is locally consistent w.r.t ¥, and G. O
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Proposition 4 gives us a first naive method to apply the method described in
Section 3 when the specification is given by K = K' || --- | K". This proposition
entails that it is sufficient to consider the set (P} ! (K%))i<n as n specifications. All these
specifications are locally consistent and according to Theorem 4, we can compute the
supremal controllable sub-language of these specifications w.r.t. L(G) and X, using
our method. The modular result given by Proposition 2 ensures the validity (as well
as the maximality) of the final result.

Nevertheless for one specification P; '(K?), the proposed method requires the
computation of 7 supervisors. This implies that #* supervisors have to be computed to
solve the problem with this approach. The next proposition shows that only a part of
thelse supervisors actually need to be computed (in fact, exactly one per specification
P7Y(KD)).

Proposition 5 If 3, C ¥, and K' C ¥, then fori # j, P;'(K') N I’lfl(L(G,-)) is par-
tially controllable w.r.t e, Zue, P;'(K) N PN (L(Gy) and P (L(G))).

Proof First of all, for i # j, P;'(K) N Pj’l(L(Gj)) is clearly controllable w.r.t =,
and Pl._1 (KH N P].‘1 (L(G}j)). Hence, according to Definition 4, it is sufficient to show
that ;' (K%) N P’,‘1 (L(Gj)) is controllable w.r.t ¥, and Pj‘l (L(G))).

To do so, let us consider s € P; ' (K') N }’/fl(L(G,»)) and o € ¥, such that so €
PJ?‘(L(G,)). We have to show that so € P;'(K') N I’]?I(L(Gj)). Now, since so €
P’lfl(L(Gj)), it is sufficient to show that so € P; ' (K?).

By hypothesis s € P;'(K"), which entails P;(s) € K'. Moreover, since i # j, we
also have that o ¢ %; and thus P;(0) = €. Therefore, P;(s) = P;(s).P;(0) € K;, and
then P;(so) € K'. This can be rewritten as so € P;'(K%). Overall, so € P;'(K') N
P]f] (L(Gj)) which is then controllable w.r.t. ¥;,, and P]." (L(G))). O

Given a specification P;'(K%) (that is locally consistent according to Proposi-
tion 4), according to Theorem 4 the BSCP can be solved by computing, for all j < n,
the supremal partially controllable language w.r.t. X ;,c, Zue, P (K N Pj’1 (L)) and

P]._1 (L)). But, as a consequence of Proposition 5, we know that the computations are
unnecessary for i # j. This implies that only one supervisor needs to be computed
per specification P;'(K’). Overall, only n supervisors are synthesized when the
specification is given by a concurrent specification K' || --- || K. We thus obtain the
same complexity as the one described in Willner and Heymann (1991).

Example 5 We again consider the concurrent system G described in Example 1 as
well as the specification K given by K' | K?> (where K' and K? are, respectively,
given in Fig. 9a and b).

We know that K = P;'(K') N P;'(K»). Now, according to Proposition 4, for i =
1,2, P/ (K" is locally consistent w.r.t £, and G and we may apply our methodology
on each P[I(K"). To do so we need to compute the languages (K;)“’C, Lj=172
(where K]’ denotes Pl-_1 (KH N P].‘1 (L(Gj)). However, according to Proposition 5, we
only need to compute (K!)'7¢, since (K;)“’C = K]’ ifi £ j.

Finally, based on the remarks given after Proposition 5, we have that (K{)"? N
(KD = {u} = (K N L(G))™ (see Fig. 10).
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Fig.9 K=K'| K @a,ul O
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(a) K (b) K*

Remark 3 In Abdelwahed and Wonham (2002), the authors consider the control
Interactive Discrete Event Systems whose class encompasses the Concurrent Sys-
tems one. The system as well as the specification can be seen as a concurrent system
to which is added a compensator that is used to somehow coordinate the different
subsystems. In general, the approach of Abdelwahed and Wonham (2002) is more
general that the one presented in this paper as both the system and the specification
are represented by a model that is more expressive. However, when restricting this
approach to the control of concurrent discrete event system, the proposed approach
is less general in the sense that the compensator, which can be seen as a global
specification has to fulfill a property that is more restrictive that the one presented in
this paper (Definition 6).

5 Example

In this section, we use the quite classical AGV (Automated Guided Vehicles)
example introduced in Holloway and Krogh (1990) to illustrate our methodology.
In this example, the uncontrolled system is a manufacturing system which consists of
five work-stations (WST) linked together with five automated guided vehicles. These
AGVs bring some resources from one station to another. More precisely, the Fig. 11
represents the way the resources move.

Let us denote by AGV1,..., AGVS5, the FSM modeling the behavior of the
Automated Guided Vehicles and by WST1,..., WSTS5 the FSM modeling the
behavior of the work-stations. Some of these FSM are presented in Figs. 12, 13 and
14. Note that WST'1 is actually described by means of two parallel FSM WST11 and
WST12.'* The events s; represent the synchronisations between the AGV and the
different work-stations, whereas the a;, a; (resp. the b;) encode the movement of the
AGYV (resp. the tasks achieved by a workstation as well as the movement inside a

e (Hu (Do
Y

ui,a Uz, a
—> U —— byup —— u1, b
(a) K, (KD)P* (b) K3 (c) (K3)Tre

14In Holloway and Krogh (1990), the system was modeled with a cyclic Petri Net that can easily
modeled by means of FSM.
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Fig. 11 The AGV Example

(=]

L]

5 I

SUPERVISORY CONTROL PROBLEM
The Production Cell Example

workstation). Finally, the initial states of these FSM are represented with square in

the figures.

The global manufacturing system is modeled as the parallel composition of the
different FSM previously introduced. The number of states of each subsystems is
less than 12 and the number of states of the entire system is about 30 millions.
Moreover, in this example, most of events are assumed to be uncontrollable. Only
events (¢;)1<i<s are indeed controllable and it is worthwhile noting that some shared

WST11.0 WST12.0

blflsl bgf)Ss

WST2.0

< [

Fig. 12 Work stations WST11, WST12, WST2, and WST3

WST3.0

NS

w w
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AGV10 AGV3.0 @ AGV34
aq C9 as \-/ Co

Js1 | 85 56 |

S9 I
1 ay /—\ as
— — AGV3.1 @ AGV33

Fig. 13 AGV1 & AVG3

o
o

events are uncontrollable. It means that condition (7) of Corollary 1 is required to
apply the proposed methodology.

The classical problem, described in Holloway and Krogh (1990), consists in com-
puting one supervisor which prevents some conflicting zones from being reachable in
the same time by at least two AGV. The conflicting zones are indicated with black
rectangles in Fig. 11.

According to the FSM representation of the system, the set of behaviors avoiding
each conflicting zone can be represented by an FSM Zone;. Figure 15 corresponds to
the conflicting zone Zone, involving AGV,| and AGV,. The meaning of the FSM in
Fig. 15 is the following: it is possible for an AGV to enter the conflicting zone Zone,

az
53
C3
I as
AGV2.3 AGV2.10
as as
AGV24 AGV29
a3
az
AGV2.38
C4
S4 T
az
AGV2.6
Fig. 14 AGV2
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by \ {617037a1aa/2}

by \ {02;C3aa17a,2}

E \ {017 2, C3, aQ}

Y \ {Clv C2,C3,02, aQ}

Y\ {c1,c2,c3,a2,ab}

Fig. 15 Behaviors avoiding the first zone

either when event ¢y, ¢;, ¢3 or a, occurs. Then, when such an event is triggered, this
FSM enters into a state from which none other of these events can be triggered. For
example, looking at Fig. 13, one can see that after event ¢, occurs, one AGV is into
the conflicting zone Zone;. Now, if event a, occurs, then the AGV goes out of this
zone.

Each conflicting zone 2,34 can be modeled by an FSM similar to the one
represented in Fig. 15. It can be shown that each specification Zone; is actu-
ally locally consistent w.r.t. to the system. Moreover, for each specification the
condition (7) of Corollary 1 holds. Based on Corollary 1, we can then compute
for each specification a supervisor S’ such that L(S/G) = SupC(L(Zone;) N
L(G), X, L(G)). Finally, the modularity result of Proposition 2 ensures that
Niza L(S'/ G) = SupC(L(|li(Zone;)) N L(G), Tye, L(G)).

This example was treated, using an implementation of the method proposed in
this paper. Since the system consists of 12 FSM, the method provides 12 supervisors
which ensure the objective Zone, acting together. Performing computation with a
3,6 Ghz Xeon processor and 2 Megabyte memory, 16 s were needed to compute the
supervisors ensuring Zone,.'®

Now, one point could be emphasis. It can be shown that the specifications we
considered here are not separable (i.e. it is not possible to model the specifications
as a separable language over alphabets {(X4¢v,)1<i<s5, (XwsT,)1<i<5}. Therefore, the
methodology described in Willner and Heymann (1991) cannot be applied as such.
However, it would be possible to perform the product of some subsystems of the
plant so that the specification becomes separable w.r.t. the alphabets of the new
subsystem. Anyway, this would render the previous method less efficient as the size
of the new sub-systems would be greater. In the same spirit, the approach described

15Each of them is actually given by a set of local supervisors (S]’:) j<n-

16 About 15 s were actually needed to check for the local consistency of the control objective, while
about one s is used to compute the supervisors.
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in De Queiroz and Cury (2000a) cannot be efficiently applied as this would require
the computation of the whole system.

Another control objective : Let us now consider again the specification modeled by
the FSM Obj2 represented in Fig. 16. This control objective aims at restricting the
behaviors of the AGV system so that a particular ordering of some events is ensured.
This ordering concerns the events cy, cs, ¢s, a3, ¢; and as. This ordering represents
one particular interleaving of the behaviors of the (AGV)),<i<s. It means for example
that the occurrence of event c¢s depends on the one of event as. Moreover, the
occurrence of these two events depends on the ones of events ¢; and c¢3, and c3 is not
allowed to occur before c; occurred. This control objective allows to order actions of
different subsystems. It can be shown that it is locally consistent and not controllable.
One can note that for this example, each AGV; for i € {1, ..., n} is involved. The
method of Willner and Heymann (1991) does not allow to order occurrence of events
which do not belong to the same subsystem. Hence, applying this methods requires
to compute ||;<;<, AGV; (Since the alphabets of two different AGV; are disjoint, this
FSM has 34560 states (i.e the product of the number of states of each AGV})).

A contrario, applying our approach only requires to manage FSM with less than 72
states (i.e. the size of AGV);||obj2). The global supervisor is given as the conjunction
of several supervisors.

This simple scheduling specification illustrates the fact that the complexity of our
method is still efficient even though some subsystems are constrained each others by
the specification.

Performing computation with a 3,6 Ghz Xeon processor and 2 Megabyte memory
again, about 35 s were needed to compute the supervisors ensuring Obj,.!”

a3 as

Y\ {c1.e3,c5} Y\ {cr}

Fig. 16 Another control objective: obj2

17 About 34 s were actually needed to check for the local consistency of the control objective, while
about one s is used to compute the supervisors.
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6 Conclusion

In this paper, we investigate the Supervisory Control of Concurrent Discrete Event
Systems. In particular, we propose an efficient modular method that computes the
supremal controllable language included into a specification K w.r.t. to the system G.
From the system G and each of its components G;, we derive a set of approximations
(P; I(G,-)),-Sn and we ensure by control that each of these approximations respects
a new language property, called partial controllability condition that depends on K.
It is then shown that whenever the original specification respects some conditions
(either K € L(G), or K is locally consistent) then a centralized supervisor can be
extracted from the controlled approximations in such a way that the behavior of
the controlled system corresponds to the supremal controllable language contained
in the language of the specification. This computation is performed without having
to build the whole system, hence avoiding the state space explosion induced by the
concurrent nature of the system. Moreover, if one wants to change a component of
G, e.g. replacing G; by Gj, then as far as G is expressed using the same alphabet as
the one of G; with the same partitioning between the controllable/uncontrollable
event, then it is sufficient to recompute K{“’C =(KnN P,-_I(L(G;))TP" in order to
obtain the new supervisor (note that only the conditions referring to G} have to
be (re)-checked). Hence this methodology is suitable for reconfigurable systems.
Finally, note that our method can be used in complement to the one of De Queiroz
and Cury (2000a) and Akesson et al. (2002) whenever the sub-specifications do not
concern the whole system (i.e for each sub-specification, our method can be used to
compute the supervisors on the concerned sub-machines, without having to build the
corresponding global FSM).

However, for some control problems, it may happen that the specification that
has to be ensured is more related to the notion of states rather than to the notion of
trajectories of the system (the mutual exclusion problem for example). For this class
of problem, one of the main issue is the State Avoidance Control Problem or dually
the Invariance Control Problem. If one wants to used a language-based approach to
encode this problem, then the obtained specification may be of the size of the global
system itself which renders the use of the above works intractable in the sense that
the computation of the specification requires the computation of the whole system.
Hence, the previous method is not suitable for this kind of control problems (See
Gaudin and Marchand 2005, for a methodology totally devoted to the state avoidance
control problem).

So far we have been interested in the control of system for prefix-closed specifi-
cations modeling e.g. safety properties. We are currently looking for results ensuring
that the controlled system is non-blocking while still avoiding the computation of the
whole state space. Another point of interest would be to extend theses techniques to
the hierarchical model described in Gaudin and Marchand (2004c).

References

Abdelwahed S, Wonham W (2002) Supervisory control of interacting discrete event systems. In: 41th
IEEE Conference on Decision and Control, Las Vegas, USA. pp. 1175-1180, December

Akesson K, Flordal H, Fabian M (2002) Exploiting modularity for synthesis and verification of
supervisors. In: Proceedings of the IFAC, Barcelona, Spain, July

@ Springer



208 Discrete Event Dyn Syst (2007) 17:179-209

Brandin B, Malik R, Dietrich P (2000) Incremental system verification and synthesis of minimally
restrictive behaviours. In: Proceedings of the American Control Conference, Chicago, Illinois,
pp- 4056-4061, June

Bryant RE (1992) Symbolic boolean manipulation with ordered binary-decision diagrams. ACM
Comput Surveys 293-318, September

Cassandras C, Lafortune S (1999) Introduction to Discrete Event Systems. Norwell, MA: Kluwer.

Cieslak R, Desclaux C, Fawaz A, Varaiya P (1988) Supervisory control of discrete—event processes
with partial observations. IEEE Trans Autom Control 33(3):249-260, March

de Queiroz MH, Cury JER (2000) Modular control of composed systems. In: Proceedings of the
American Control Conference, Chicago, Illinois. pp. 4051-4055, June

de Queiroz MH, Cury JER (2000) Modular supervisory control of large scale discrete-event systems.
In: Proceedings of 5Sth Workshop on Discrete Event Systems, WODES 2000, Ghent, Belgium,
August

Gaudin B (2004) Synthese De Controleurs Sur Des Systemes a événements Discrets Structurés.
Ph.D. Thesis, Université de Rennes 1, November

Gaudin B, Marchand H (2004a) Modular supervisory control of a class of concurrent discrete event
systems. In: Procedings of 7th Workshop on Discrete Event Systems, WODES’04, September

Gaudin B, Marchand H (2004b) Supervisory Control of Concurrent Discrete Event Systems.
Research Rep. 1593, IRISA, February 2004. available at http:/www.irisa.fr/vertecs/Publis/
Ps/1593.ps, February

Gaudin B, Marchand H (2004c) Supervisory control of product and hierarchical discrete event
systems. Eur J Control 10(2)

Gaudin B, Marchand H (2005) Efficient computation of supervisors for loosely synchronous discrete
event systems: A state-based approach. In: 6th IFAC World Congress, Prague, Czech Republic,
July

Gunnarsson J (1997) Symbolic Methods and Tools for Discrete Event Dynamic Systems. Ph.D.
Thesis, Linkoping University

Hoffmann G, Wong-Toi H (1992) Symbolic synthesis of supervisory controllers. In: Proceedings of
1992 American control Conference, Chicago, IL, pp. 2789-2793

Holloway LE, Krogh B (1990) Synthesis of feedback control logic for a class of controlled Petri nets.
IEEE Trans Autom Control 35(5):514-523, May

Jiang S, Kumar R (2000) Decentralized control of discrete event systems with specializations to local
control and concurrent systems. IEEE Trans Syst Man Cyber Part B 30(5):653-660

Leduc RJ, Brandin BA, Wonham WM, Lawford M (2001) Hierarchical interface-based supervisory
control: serial case. In: Proceedings of 40th Conf. Decision Contr, pp. 41164121, December

Lee S-H, Wong KC (2002) Structural decentralized control of concurrent discrete-event systems. Eur
J Control 8(5)

Ma C (2004) Non Blocking Supervisory Control of State Tree Structures. Ph.D. Thesis. University
of Toronto, February

Marchand H, Bournai P, Le Borgne M, Le Guernic P (2000) Synthesis of discrete-event controllers
based on the signal environment. Dis Event Dynamic Syst Theory Appl 10(4):347-368, October

Papadimitriou Ch (1994) Computational Complexity. MA: Addison-Wesley Reading

Rohloff K, Lafortune S (2003) The control and verification of similar agents operating in a broadcast
network environment. In: 42nd IEEE Conference on Decision and Control, Hawaii, USA,
December

Rudie K, Wonham WM (1992) Think globally, act locally: Decentralized supervisory control. IEEE
Trans Autom Control 31(11): 1692-1708, November

Vahidi A, Lennarston B, Fabian M (2004) Efficient supervisory synthesis of large systems. In:
Proceedings of 7th Workshop on Discrete Event Systems, WODES’04, September

Willner Y, Heymann M (1991) Supervisory control of concurrent discrete-event systems. Int J
Control 54(5): 1143-1169

Wonham WM (2003) Notes on control of discrete-event systems. Technical Rep. ECE 1636F/1637S.
Department of Electrical and Computer Engineering Univertsity of Toronto, July

Wonham WM, Ramadge PJ (1988) Modular supervisory control of discrete event systems. Math
Control Signals Syst 1:13-30

Yoo T, Lafortune S (2000) A general architecture for decentralized supervisory control of discrete-
event systems. In: Proceedings of 5th Workshop on Discrete Event Systems, WODES 2000,
Ghent, Belgium, August

@ Springer


http://www.irisa.fr/vertecs/Publis/Ps/1593.ps
http://www.irisa.fr/vertecs/Publis/Ps/1593.ps

Discrete Event Dyn Syst (2007) 17:179-209 209

}

Benoit Gaudin graduated in mathematics in 1999 and received a Ph.D degree in computer science
in 2004, both from the University Rennes 1. From October 2004 to August 2005, he held a research
and teaching position in the University of Rennes. From September 2005 to May 2006, he was a
postdoctoral researcher in the FOKUS Fraunhofer institute of Berlin. Since June 2006, Dr Gaudin
has been a postdoctoral researcher in University College Dublin. His research interests focus on the
Supervisory Control of Discrete Events Systems, as well as graph visualization.

Hervé Marchand received the master’s degree in mathematics from Université de Rennes 1 in 1993
and a Ph.D degree in computer science from the University of Rennes 1 in October 1997. From
November 1997-October 1998, he was a Postdoctoral fellow at the University of Michigan, Ann
Arbor, MI. Since 1998, he holds an INRIA research position at IRISA in Rennes in the VerTeCs
project. His research interests include Discrete Events Systems, Supervisory Control Problem, and
automatic test generation and diagnosis. He is also interested in high-level languages for reactive and
real-time systems programming.

@ Springer



	An Efficient Modular Method for the Control of Concurrent Discrete Event Systems: A Language-based Approach
	Abstract
	Introduction
	Preliminaries
	Model
	Review of the supervisory control problem
	Concurrent discrete event system

	Control of concurrent DES
	Various approaches
	A decentralized approach
	Our approach

	Partial controllability condition
	Control of concurrent DES
	Modular computation of a controllable sub-language of K w.r.t. L(G)

	Computation of (KL(G))"3222378 c
	The specification is a subset of L(G)
	The specification is locally consistent w.r.t. L(G)

	How to relax the sc assumption

	Some comments regarding the specification
	Modular specifications
	Separable specification

	Example
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


