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Abstract: Based on the decentralized supervisory control, Lin and Wonham (1988),
Lafortune et al. (2001), the present paper proposes a contribution to the supervi-
sory control of systems (with different production objectives) that react to excep-
tional events (failure events for instance). Existing work on decentralized control
of Discrete Event Systems (DES) focuses on problems where each decentralized
control supervisor controls and observes some events in a system and must together
achieve some prescribed goals Rudie and Wonham (1992), Yoo and Lafortune
(2002). In this model the supervisors act simultaneously on the plant (process) and
are sometimes conflicting. Our approach is based on the concept of decentralized
control and we propose a procedure which allows in one hand to avoid the conflict
problem and on the other hand to manage the commutation (switching) between
two operating modes: nominal and degraded modes labelled respectively N and D.
The developed control strategy for tackle the conflict problem and for manage the
switching between two operating modes will be also implemented by the automata.
Copyright®© 2005 IFAC
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1. INTRODUCTION

The Ramadge and Wonham (RW) control the-
ory allows investigation of a number of theoret-
ical control problems, such as feedback-based
synthesis of controlled dynamic invariant and
concepts such as controllability and observabil-
ity. However, the process to which this theory

is applied is frequently the product of simple
components, its state size increases exponen-
tially with the number of components and su-
pervisor synthesis therefore becomes laborious.
A common way of dealing with the state ex-
plosion is by applying horizontal (modular and
decentralized) or vertical (hierarchical) decom-



position of the underlying control problem. The
term reactive system, as used in this context, is
different from that used in computer systems.
In this case, a reactive system is essentially a
production system representing different pro-
duction objectives or operating modes, which
are conflicting. However our contribution can
be apply to computer systems, traffic systems,
communication protocols, etc. The purpose of
a reactive system is to maintain full system
operation, when an exceptional event occurs
(e.g. a failure event or a repair event). Failure
occurrence in this type of system causes some
resources to be suspended, but the system itself
must remain in service during failure, but with
different objectives than in nominal operating
mode. Nominal (or normal) mode is then re-
placed by another mode, which is designed to
be blocking with respect to the nominal service
mode. However, the two modes do not operate
concurrently on the system. It should be noted
that a production system can have multiple
operating modes Kamach (2004), but in this
paper we consider only two operating modes:
nominal and degraded mode. In this context,
a supervisory control approach based on the
decentralized control concept is proposed to
manage all system conflicting modes. The con-
trolling action of the degraded mode supervisor
is suspended, when there is no failure. When
a failure event occurs, the degraded mode su-
pervisor is activated, while the control action
of the nominal mode supervisor is suspended
until a repair event occurs. The recently acti-
vated supervisor must know the current sys-
tem state to be able to follow its behavior,
because it switches from one mode to another.
We propose a procedure, which ensures the
nonconflicting supervisors in the decentralized
architecture and the switching between two
operating modes.

2. DECENTRALIZED NOMINAL AND
DEGRADED SUPERVISORS

In this section, we describe formally and model
mathematically the reactive system supervi-
sory control problem.

Two entities are distinguished in Figure 1

(1) Nominal decentralized supervisory control
(2) Degraded decentralized supervisory con-
trol.

The two legal decentralized modes can have
opposing specifications. In fact, this paper we
suppose that Xy N Xp # 0.
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Fig. 1. Reactive system restricted to nominal and
degraded modes

Then nominal and degraded specifications are
not completely independent each other. Now
define G = (Q, %, 6, qo, @m) as the genera-
tor of the system, assumed to be initially in
nominal mode. The nominal process model is
defined by: Py(L(G)) := L(Gn)

where GN = (QN, EN, (51\/, qo,N QmJ\r) and
Yy is the set of nominal events of G . Sim-
ilarly, we define the degraded process by:
Pp(L(G)) := L(Gp)

where Gp = (Qp, Ep, 0p, 90,0, @m,p) PN
and Pp represent nominal and degraded natu-
ral projections respectively and are defined as
follows:

Py: %" — 3%
Py(e) =€
_ | Pn(s)o ifo € Xy
Py (s0) = { Py (s) otherwise
Pp:¥ — ¥,
Pp(e) =€
Pp(s0) = { Pp(s)o if o€ Xp

Pp(s) otherwise
In the conjunctive architecture the supervisors
act simultaneously on the process. However,
this strategy leads sometimes to the conflict
problem. In our approach we will adopted the
conjunctive architecture Yoo and Lafortune
(2002), Cassandras and Lafortune (1999). and
we will be manage the switching between nom-
inal and degraded modes. We assume that at
any times one mode is activated and we will
proposed a procedure which allows to avoiding
the conflict problem by activating at one times
a suitable supervisor.
We start by recalling some key definitions and
concepts that are needed before we can present
our new result.
Let use define the following classes of lan-
guages:



Lo, :={s € L(G) | soy € L(G)}.
L, denotes the set of all traces (sequences) s
that end by a failure event o.

CE(—G) ={sc L(G)|s & L—gf} denotes the set
oy

of all traces that not belong to L, .

L, :={s € L(G) | so, € L(G)} denotes the
set of all traces s that end by a repair event o,.
Ci(—G) = {s € L(G) | s ¢ L,, } denotes the set

of all traces s that not belong to L, .

Let us define a nominal decentralized supervi-
sor (nominal supervisor for the sake of brevity)
who act on the process in the nominal operat-
ing mode, denoted by Sy, as

Sy : PN(L(G)) — T = {y € 2¥ : &,, C
~} such that Vs € L(G) :

SN (Pn(s)) =

Y —YncU{o €SN Py (Pr(s)oNK
#0} if s € L, UCHY

Lo
S ifse XD,

Lo

T" represents a particular subset of events to be
enabled by the supervisor.

In the nominal operating mode, namely no
failure event occurs or after occurrence of re-
pair event, the nominal supervisor disable some
contrallable events in order to achieved a given
desired language (K). But if a failure event
occurs the nominal supervisor decision rule en-
ables X, by default.

Now Let us define a degraded decentralized
supervisor (degraded supervisor for the sake of
brevity) who act on the process in the degraded
operating mode, denoted by Sp, as

Sp : Pp(L(G)) — ~such thatVs € L(G) :
Sp(Pp(s)) =

T

Y —YpcU{o€Sp.| Pyt (Pp(s)oNK
#£0} if s €019 nL,,

L(G)
L,

S if s € T, UL

At the occurrence of the failure event, namely
in the degraded operating mode, the degraded
supervisor disable some controllable events in
order to achieved a given desired language
(K). But if a repair event occurs the degraded
supervisor decision rule enables by default all
generated process events.

Two supervisors Sy and Sp cooperate in order
to achieve a given desired controlled behavior
K.

Proposition 1

Under the foregoing definition of Sy and Sp
the languages L(Sn/G) and L(Sp/G) are non-
conflicting, namely

L(Sy/G)NL(5p/G) = L(Sn/G) N L(Sp/G).

Proof

The inclusion

L(Sn/G) N L(Sp/G) € L(Sn/G) N L(Sp/G)
is automatic. In fact:

We have L(Sy/G)NL(Sp/G) € L(Sn/G)

= L(Sn/G) N L(Sp/G) € L(SN/G).

We have L(Sy/G)NL(Sp/G) C L(Sp/G)

= L(Sn/G)NL(Sp/G) C L(Sp/QG).

So L(Sn/G) N L(Sp/G) € L(Sn/G)NL(Sp/G).
Now we proof the inverse inclusion, namely
L(Sn/G)N L(Sp/G) € L(Sn/G) N L(Sp/G).
Let s € L(Sy/G) N L(Sp/G)

= s € L(Sy/G) and s € L(Sp/G).

We distinguiched two cases:

. 7 PL(G)
Case 1: s€ Ly, U EL(,

In this case Vo € Er, such that so € L(G)
and 0 € Sy(Ppn(s)), namely o is enabled
after the sequence s by Sy.

In this case the supervisor Sp enables all
generated events of X, in particular 0. So o €
SD(PD(S)) Then so € L(SN/G)QL(SD/G)
consequelntly s € L(Sy/G)N L(Sp/G)

Case 2: s € CE(G) N Ly,

In this case Vo € ¥, such that so € L(G) and
o € Sp(Pp(s)), namely o is enabled after
the sequence s by Sp.

In this case the supervisor Sy enabled all
generated events of ¥, in particular 0. So o €
SN(PN(S)). Then so € L(SN/G)QL(SD/G)
consequelntly s € L(Sy/G) N L(Sp/G).

&

3. IMPLEMENTATION OF SUPERVISORY
CONTROLS BY AUTOMATA

In the previous section, we studied the switch-
ing control decisions between different super-
visors and we design the nonconflicting super-
visors for systems whose dynamics change as
they evolve on two operating modes. While
theoretically convenient, the abstract defini-
tion of a supervisory control as a map S; :
P,(L(G)) — ~ does not in itself provide
a concrete representation for practical imple-
mentation. So this section will be devoted



to the pratical implementation by construct-
ing two corresponding automata, where each
one implements the one supervisor according
a given operating mode. In fact, the nominal
mode supervisor Sy will be implemented by
Exn. Ey is defined by the 5 — uplet: Ey =
(XN, EN, fN, TO,N, Xm,N)- Similarly, ED im-
plements the degraded mode supervisor Sp,
with ED = ()(D7 ED, £D> 20,D, mep).

We describe our proposition via the example
in Figure 2. Automaton FEy implements the
nominal supervisor Sy and Ep implements

Sp.
ZN—{d, a} b L -{ba Zﬁ{d,b} a zD_{a}
Ex Ep

Fig. 2. nominal and degraded specification

Recall that, the proposed work in Section 2
for avoid the conflict problem between the
supervisor Sy and Sp is as follows: in the
nominal mode only the nominal supervisor Sy
acts on the process, on the other hand the
degraded supervisor Sp enables by default all
generated process events. When a failure event
oy occurred, the situation is reversed and the
degraded supervisor Sp acts on the process
by disabling some controllable events, whereas
the default action control for the nominal su-
pervisor Sy is to enabled all the generated
process events. In order to implemented this
strategy in the context of automaton, we must
extende each automaton by adding to each one
a particular state called inactive state ;-
The inactive state x;;, represents the default
action for the supervisor .S; which is enable all
of the generated process events, i.e. in this state
all the generated process events are supposed
enabled by default.

More precisely, in the nominal mode E,, must
be in a state x € Xy different of the inactive
state xn in in order to act on the process. On
the other hand the automaton Ep must be
in inactive state xp, preventing thus to act
simultaneously on the process by enabling all
the generated process events. With the occur-
rence of the failure event oy, £p must be in
a state x € Xp different of the inactive state
Tp,in in order to act on the process, whereas
En must be in inactive state xy i, in order to

enable all the generated process events and not
act simultaneously on the process. The more
difficult problem of the commutation between
modes is the determination of the adequate
reachable state from the inactive state z;in
(i € {N, D}). This state denoted starting state
must be compatible with the current state of
the process to ensuring that appropriate con-
trol is exercised.

Formally for ¢ € {N,D} the extended au-
tomata F; ., is given as follows (see Figure
3):

E’i,ezt = (Xi,ezta Zi,ezta ii,emh T0,i,ext> Xm,i,ea:t)
where:

L Xi,ezt = Xz U {x7,1'n}7
® X cxt = 2 U {Ufaar};
.20 t:{ zio if i =N
Lier Tiin if i=D
® & et is defined as follows:
(1) Vz € X; and Vo € X; if &(z, o)
exists, then:
fi,el‘t(xv o) :=¢&i(z, o)
(2) Vo € Xy (resp. z € Xp) from which
the failure event can occurs (resp. the
repair event) &n eqt(T, 0f) 1= TN,in
(resp. £p,eat(T, 0r) 1= TD,in)
(3) gN,ext(xN,inv Ur) and gD,emt (xD,i'I’M Gf)
will be defined after.

We assume that the failure event can occurs in
state zo of Fy and the repair event can occurs
in state zo of Fp, the extended automaton is
given by the Figure 3

Z\{d. a} b Z-{ba z51d.b) a = 5-{a}
w-a l' ——
. ? B v
o o G o
TN oy i
ENvexl T —{o; } Epext >-{or)

Fig. 3. extended nominal and degraded specification

The above extended automaton is incomplete.
Transition function &; ¢zt (zp,in, o) and
EN,ext (TN ,in,0r) reamins to be defined.

To solve this problem i.e. the determination
of the reachable state from the inactive state
which achieve the desired language, we adopt
the following notations and definitions:

Let K be the desired language, such that K C
L(G) and K # 0.

K, = {s1 € K| si0y € K} inclus the set of
all traces belonging to K and end by a failure
event o¢.



Ky = {ss | si05s2 € K} denotes the set of all
traces that following the set of all traces of K3
and leads to desired langauage K.

K3 = {s3 | s30, € K} is the subset of the
traces belonging to K and end by a repair event
Oy

Ky = {s4 | s30-34 € K} denotes the set of all
traces that following the set of all traces of K3
and achieve the desired language K.

Definition 1
A state x; € Xy is said to be compatible with
a state x; € Xp if and only if:

(1) Vs € K, such that £x(x;, s) exists
= Vs € Ko, §D($j78/)!

(2) Vs € K3 such that {p(z;, s) exists
= Vs € Ky, Ep(x4,8)\.

Intuitively, compatibility means that, if one
leaves En (resp. Ep) from a state x; (resp.
xj), we must find among the states-space Xp
a state x; (resp. x;) of the automaton Ep
(resp. En) which allows to achieve the desired
language.

After having to define the compatibility con-
cept between two states x; € Xy and z; € Xp,
we now will build a compatiblity matrix. This
matrix takes into account only the states from
which the failure or repair event occurs. Let M
a such matrix:

mi1 mi2 -+ Min
m21 M22 -+ Map
M=
Mp1 Mnp2 * - Mpn
with
m 1if z; and x; are compatible
ij —

~ ] 0 otherwise

Let us recall that when a failure or repair event
occurred from a state xz; € X;, we must de-
termine correctly a compatible state x; which
will be reachable from the inactive state z; iy,
such that whether one acts on the process from
this state (x;), the desired language will be
achieved.

However, each automaton had only direct ob-
servations (and was not given information from
the other automata), then they would not be
able to determine correctly the reachable state
from ; ;. The idea then is to allow the au-
tomaton to communicate with each other so
that helps the other to find among the set of
states of automaton F;, the reachable state
from x;;, wich allow to achieve the desired
lanaguage.

Soif Ep (resp. En) receives information on the
state of En (resp. Ep) from which the failure
event occurred (resp. repair event), it easily to
determine by basing on the preceding definition
of compatibility, the adequate reachable state
from the inactive state zp i (resp. Ty in)-

In order to ensuring the commutation be-
tween modes, we use two information channels
(or mapping) labelled commuy,p (information
sent up by Ex to Ep) and communD, N (in-
formation sent up by Ep to Ey). The chan-
nels information are interpreted as carrying
information of the state automaton from which
the failure or repair event occurs. But after
determine formally the information channels,
we re-extended each automaton by adding in
each state of one, where the failure or repair
event can occur, its compatible state. So the ex-
tended automaton is given as follows: E; ¢t :=
(Xi,exta Ei,emty fi,ea:ta Z0,i,exty Xm,i,emt) where
Zi,e:vt; §i,ezt, Z0,i,ext and X’m,i,ezt have the same
above definition, the only difference here is
the extended state space X ¢ In fact each
sate ©; € Xy (resp. z; € Xp) will be as-
sociated with a compatible state z; € X;
(resp. x; € Xn), such that m,;; = 1. Then
the extended states-space can be written as
follows: X car = {(xi,2;) | mij = 1} U{z4sin},
consequetly the global state « € X ¢+ has the
form (x;,x;) or x; ;n, where z; is a compatible
state of z;. In the Figure 4, we assume that the
compatible state of zq is 3 and the compatible
state of x1 is x2 (by basing on the definition of
compatibility).

2 fd a) b X-{ba }:D—(d,b) a 2 5-{a)
R —— Y —
N ? N 4
[ o G e
TN o x - of
EN,exl >—{o;} ED,exl > —{or}

Fig. 4. compatibility states

Formally the information channels is given as
follows:

Definition 2

commup,p : XN,ext X 0¢ — Labelled(oy)
such that Y(z;,x;) € XN ext

(w3, 25),07) = oy,

Definition 8



commup N : Xp ext X 0 — Labelled(o,)
such that Y(z;,2;) € Xp et
((wi,x5),00) — Or;

Based on the information of state from which
the failure or repair event occurred and on
the compatibility definition, the information
channel provides a corresponding failure or
repair event which allow to determine correctly
the reachable state form the inactive state
Ziin from wich we make the correct control
decisions. Finally the complete automata is
given as follows (see Figure 5):

L4 Xi,eact = {($1,$J) ‘331 € X, with T €
XD and mi; = 1} @] {xi,in};
o Ei,ea:t = 21 U {Uf7ar};
® Ti0,ext — {xi,iyn ifi=D
® & cqt is defined by:
(1) Ve € X; and Vo € %; if &(z, o)
exists, then:
&',ezt(zv o) :=&(x, o)
(2) Vo € Xy (resp. z € Xp) from which
the failure event can occurs (resp. the
repair event) & co(e, of) = Txin
(resp. gD,el‘t(‘T7 Ur) = xD,in)
(3) £N,ext(xN,in7o—T) = x; if
commup n((xj,x;),0r) = oy, and
{p.cat(TD in, o) = xj if
commun,p((z;,x;),0¢) = 0y,.

I id a} b X -{b,a ):D_(d’b) a (a)
% /crl % Ot
EN.ext Z_(crl } ED,ex! ):—(O'f4 }

Fig. 5. complete specifications models

4. CONCLUSION

An approach based on decentralized supervi-
sory control has been proposed in the present
paper. We have presented a framework for de-
signing two nonconflicting supervisors for sys-
tems whose dynamics change as they evolve on
two operating modes: nominal and degraded
mode. Such systems form a subclass of reactive
systems. A natural control strategy for avoid
the conflict problem between the set of local
supervisors in the decentralized architecture is:

intially 4.e in the nominal mode, one appopri-
ated supervisor who acts on the process but
the other (the supervisor which assure the de-
graded mode) enables by default all generated
process events. When a failure event oy oc-
curred i.e. in the degraded mode, the situation
is reversed the degraded supervisor Sp acts
on the process by disabling some controllable
events, whereas the default action control for
the nominal supervisor Sy is to enbale all the
generated process events. We also implemented
this control strategy by the automaton and we
have proposed a procedure which assure the
commutation modes. The proposed procedure
allows, when a commutation mode is happen,
to determine the starting states of the automa-
ton that acheive the desired language.
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