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ABSTRACT: Distributed supervisory control is a method to synthesize local controllers in discrete-event
systems with a systematic observation of the plant. Some works were reported on extending this method
by which local controllers are constructed so that observation properties are preserved from monolithic to
distributed supervisory control, in an up-down approach. In this paper, we find circumstances in which
observation properties are preserved from monolithic to distributed supervisory control. Local observation
properties, i.e. local normality and local relative observability are employed for investigating observation
properties of each local controller, which are constructed by any localization algorithm that preserves control
equivalency to the monolithic supervisor with respect to the plant. These properties enable us to investigate
the observation properties from monolithic to distributed supervisory control. Moreover, observation
equivalence property is defined according to the control equivalence in a distributed supervisory control
with partial observation. It is proved that with preserving observation equivalence of the local controllers to
the monolithic supervisor, the control equivalence is satisfied, if and only if the intersection of local event
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sets is a subset of or equal to the global observable event set.

1- Introduction

The supervisory control theory handles small scale discrete
event systems (DES) [1], Since, in the large scale DES the
number of states grows with the number of components.
Supervisory control synthesis for the monolithic specification
encounters with computational complexity. In order to
overcome the computational complexity, modular and
decentralized [2, 3], hierarchical [4,5] and heterarchical [6-9]
approaches have been proposed in the supervisory control of
DES. The decentralized supervisory control scheme reduces
the computational complexity in large scale DES [10, 11].
Since a decentralized supervisor observes the plant partially, he
does not have enough information about the other supervisors,
and their decisions may be in conflict with each other. In [9],
a method was introduced for synthesizing the optimal non-
blocking decentralized supervisory control using L,-observer
and output control consistency (OCC) properties. In [11],
decomposability and strong decomposability (conormality)
were defined to construct the decentralized supervisory
control in a top-down approach. Other accessible properties
are co-observability and relative co-observability which were
defined in [11] and [12], respectively. In order to remove
conflict between decentralized supervisors, construction of a
coordinator was proposed in the literature [13, 14]. In [15], a
supervisor localization procedure was proposed to guarantee
the optimality and the non-conflicting of the local controllers
and the monolithic supervisor.

Observation properties e.g. normality [16], observability
[16] and relative observability [17] describe the effect of
observation on the control behavior.
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The authors of [15] developed a Distributed supervisory
control based on localization of the monolithic supervisor
with full observation. The paper [18] proposed a method for
recognizing the conflicts between the supervisors, using the
observer property of a natural projection

In [19], an abstraction method was proposed to construct a
distributed supervisory control (in a top-down approach), in
which the observation properties of monolithic supervisor is
preserved in local controllers. In the present study, We find
circumstances for preserving observation properties in local
controllers, constructed by supervisor localization procedure
[15], or constructed by decomposition of the monolithic
supervisor [11].

This paper is the extended version of the conference paper [20].
Here, we study the observation properties in the supervisory
control of DES using a set algebra approach. Also, local
observation properties e.g. local normality and local relative
observability [20], are employed to study the observation
problem in the distributed supervisory control scheme.
Control equivalence [15] describes the equivalency between
the control behavior of local controllers and the monolithic
supervisor in the plant. Moreover, observation equivalence is
defined to investigate the effect of observation properties on
the control behavior. Although the observation equivalence
has been introduced in [21] for nondeterministic automata, in
this paper, observation equivalence is defined to describe the
equivalency between observation properties in decentralized
(local) controllers and those in the monolithic supervisor. It
is shown that having identical observation equivalence in
local controllers and the monolithic supervisor, the control
equivalence is satisfied if and only if the intersection of
local event sets belongs or equals to the global observable
event set. Theoretical results can be employed in industrial
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applications, such as gas transmission networks and power
systems [22].

In the rest of the paper, necessary preliminaries are reviewed
in section 2. In order to redefine the observation properties
by set algebra approach, some formulations are introduced in
section 3. Observation properties in distributed supervisory
control are redefined by a set algebra approach in section 4.
The observation equivalence is introduced and is compared
with control equivalence in section 5. In section 6, the
extended theorem is illustrated by some examples. Finally,
the concluding remarks are presented in section 7.

2- Preliminaries

The set of all finite strings over X is denoted X". The
concatenation of two strings s;,s,SX" is written as s; s,EX°
and s,<s, where s, is the prefix of s. €EX" is the empty string,
and se=es=s does hold. A DES is introduced by an automaton
G=(Q,%,5,q0,Qm) in which Q is a finite set of states, with q,€Q
as the initial state and Q,SQ being the desired (marked)
states. X is a finite set of events, and finally § is a transition
mapping 3:QxEZ—Q: 3(q,0)=q". L(G):={s€X"[5(qo,8)!} is
the closed behavior of G and L, (G):={s€L(G) | 8(q0,S)EQm}
is the marked behavior of G.

The natural projection is a mapping P:X'—X," where
(1) P(e):=c ,(2) for s€X’,c€X ,P(so):=P(s)P(c), and (3)
P(c):=c if o€, and P(c):=¢ if o€ZX,. The effect of P on
the string SEX" is to erase the events in s that do not belong
to the observable event set X,. The natural projection P
can be extended and denoted by P:Pwr(X")—Pwr(Zy).
For any XCX', P(X):={P(s) | s€X}. The inverse image
function of P is denoted by P':Pwr(Z,")—Pwr(X") and
P'(X):={s€exX" | P(s)eX}. The synchronous product of
languages L,C%," and L,S%X," is defined by L,IL,=P
(L)NP, (LS, where PiX*—X ,i=1,2 for the union
¥=¥,U%, [9,23].

In the supervisory control context, all events in X are
partitioned as a set of controllable events X, and a set of
uncontrollable events X, where 2=X.JX,.. A control pattern
is v, where X, SyCY and the set of all control patterns is
denoted by I'={ye2* | v2%,.}. A supervisor for G is a map
V:L(G)—T, where V(s) represents the set of enabled events
after the occurrence of the string sEL(G). Namely, a supervisor
only disables the controllable events. A pair (G,V) is written
as V/G and called “G that is under supervision of V”. The
closed loop language L(V/G) is defined by: (1) eEL(V/G) (2)
sc€L(V/G) iff seL(V/G), c€V(s), and sc€EL(G). The marked
strings of V/G is defined as L,(V/G)=L(V/G)NL.(G). The
closed loop system is non-blocking if L, (V /G)=L(V /G).
L, (V / G) is the set of all prefixes of traces in L,(V/G).
A language KESX" is controllable with respect to (w.r.t.)
L(G) and Z,., if KZ,,NL(G)SK. The set of all controllable
sublanguages E wrt. L(G) and X, is denoted by
C(E)={K<E | KX,.,NL(G)SK}, that is nonempty and closed
under union. For every specification language E, there exists
a supremal controllable sublanguage of E w.r.t. L(G) and Z,..

3- Observation Properties

In order to handle the lack of enough observation of the plant,
some observation properties have been defined. Observability
describes that the natural projection P preserves at least the
information required to decide consistently the question of
continuing membership in K after the occurrence of an event ¢

188

and to decide membership in K when membership in KNL,,(G)
is known. KEX" is (G,P)-observable if for s,s'€X" such that
P(s)=P(s") the following conditions are satisfied [16]:
(i) (Vo€YX) sceK ,s'€K.s’ cEL(G)=s" c€EK,
(ii) seK ,s'eKNL,(G)=s€K.
Normality is another property which is stronger than
observability [16]. K is (L.(G),P)-normal if P'P(K)NL,
(G)=K. Also, K is (L(G),P)-normal if P'P(K)NL(G)=K.
Normality is the strong property and may not hold in practice.
Another property defined is called relative observability
[17]. Relative observability is stronger than observability
and weaker than normality; it imposes no constraint on
the disablement of unobservable controllable events. Let
KCSCCL,(G). K is relatively observable w.r.t. C,G and P
(C-observable) if for every pair of strings s,s"€X" such that
P(s)=P(s"), the following two conditions hold:
(") (Vo€eX) soeK ,s'€C,s’ cEL(G)=s" c€K,
(ii") s€K,s’eCNL,(G)=>s"€K.
In Proposition 1, relative observability is written by a set
algebra in two relationships.
Proposition 1: K is relatively observable w.r.t. C,G and P if
and only if P(s)=P(s") for every pair of strings s,s'€X" and the
following two conditions hold:
P PKNCZNL(G)cK, (1)
P PKNCNL,(G)=K. 2)
Proof: (If ) AssumeP(s)=P(s"). We can write
(Vo€X) s6€K ,s’€C,s’ cEL(G)=s’ ceCX.
Also,
P(s)=P(s")=P(s0)=P(s’ 6)=>s" c€P"' PK.
Thus,
=s" ceP' PKNCZNL(G).
From (1) we conclude that s* 6€K and (i) is proved.
From (2) we write
s€K,s'€CNL(G) ,P(s)=P(s")=s"€P"' PK,
=s'€P' PKNCNL,(G),
=s'€K,
and (ii") is proved.
(Only if) From (i") we write
(Vo€eX)sceK ,s'€C, s’ cEL(G)=s" 6EK,
=P(s6)EPK=P(s’ 6)EPK,
=s" 6eP' PK.
Then,
s'ceEP'PK ,s'€C, s'6EL(G)=s"c€EK,
=P'PKNCINL(G)<K.
Also,
e¢Cx, eeK =P'PKNCZNL(G)cK
From (ii"), we can write,
s€K,s'eCNL,(G)=s"€K,
=P(s)EPK=P(s")€PK,
=s'€P'PK.
Thus,
s'€P'PK ,s"€C,s EL,(G)=s"EK,
=P'PKNCNL,(G)SK. (3)
Moreover,
K<P'PK ,KEL,(G) ,KEC,
=KCP'PKNCNL,(G). 4)
From (3) and (4), we have P"PKNCNL,,(G)=K.
If C=K, then the definition of relative observability turns into
that of observability property as:
P'PKNKEZNL(G)CK, (5)
P'PKNKNL,(G)=K. (6)
If C=L(G), then definition of relative observability appears
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in the following two relationships:

P'PKNL(G)ZNL(G)cK, (7)
P'PKNL,(G)=K. (8)
Equation (8) guarantees that K is (L,(G),P)-normal. Since
€ZL(G)Z, L(G)2NL(G) consists of all strings in L(G) except
for €. Thus, the relative observability may not lead to the
normality of K w.r.t. (L(G),P) in general.

Although Propositions 2 to 5 were proved in [17]; we prove
them again in the appendix by a set algebra approach.
Proposition 2: If KEC is C-observable, then K is also
observable.

Proposition 3: IFK<C is (L,,(G),P)-normal and K is (L(G),P)-
normal, then K is C-observable.

Proposition 4: Let K,€C ,i€l, be C-observable. Then
K=U;{K; | i€l} is also C-observable.

Proposition 5: Relative observability is not closed under
intersection.

Properties suchasdecomposability and strong decomposability
(conormality) have been proposed to solve distributed
supervisory control problem with a global specification. It
means that the monolithic supervisor can be decomposed to
more than one local supervisor if the local versions of K (i.e.
P,(K) and P,(K)) contain enough information to reconstruct
the global supervisor [11].

Such circumstances are too strict and may not be satisfied in
practice. Therefore, control equivalency has been defined as
another property [15]. The set of controllers K; which satisfies
the following two properties, are control equivalent to K w.r.t. G,
Lm(G)m[niPi_lKi]:Ka (9)
L(G)N[N:P; K =K. (10)
Informally, the synchronization of local controllers with the
plant is equivalent to that of the monolithic supervisor.

4- Observation Problem In Distributed Supervisory
Control

We employ the proposed method in [9] to investigate the
observation properties in decentralized supervisory control
(Fig.1). In general case, U4(XZiNX)EX,, but for simplicity,
assume that £,NX,C¥,C¥,UY,, and the natural projections
are defined as follows,

Pi:(ZIUZZ)*—>Zi* .

Pl Pwr(Z")—Pwr((Z,UX,)"), i=0,1,2

Qi I —(ENZy)",

Qi Pwr((ZiNZy))—Pwr(X)), i=1,2

R,': 20*_)(2{120)* ,

Ri:Pwr((ZNZg))—Pwr(Xy), i=1,2

T: 2y —(Z,N%,)", TLPwr((Z,NX,))—Pwr(Z,").

It has been proved that if X ,NX,SX,, then Py(K,IIK,)=Q,
(KDNQx(Ky)=R; " Qi(K)NR,'Qx(Ky) [9]. Thus, we defined
local observation properties in a distributed supervisory
control [20].

4- 1- Local Normality

Normality is a observation property of a language, related to
another language and a projection channel.

Based on normality definition, the supervisor K is (L,,(G),P)-
normal, if synchronization of P(K) and L,,(G) is equal to that
of K. We introduced a similar property for the decentralized
(distributed) supervisory control.

In a decentralized supervisor, say K;, the natural projection Q;
is defined as Q;: " —(ZNZy)" and Q;(K)) is the image of K.
If Qi(K;) and L,,(G) is synchronized and the resulted language

* P - P *
> : (Zl Uzz) : E‘

2

o 5 ¢

(Z,NZ,)" & %, = (2 NZ,)

RIE,NZY BIENZY

(ZNZ)

Fig. 1. Natural Projections when X,NX,CX,

is equal to K, then K is normal. Although, K; is defined in
%", La(G) is defined in X*. Thus, their reference sets must be
the same.

Definition 1 (Local Normality)[20]: Let K; be a language
for i=1,2 and P; X'—X ,Q: I —(ZNZ)", i=1,2 and
Qi(s)=Qi(s"). K is called (L(G),P;" ,Q; )-normal, if

P 'KNL(G)=P;'Q;'QK;NL(G).

Also, K; is called (L(G),P;',Q;)-Normal, if:
Pi'lﬁiﬂL(G)=Pi'1Q{1QiKiﬂL(G).

Comparing to the local normality, we call the normality global
normality. In the following theorem, circumstances in which
local and global normalities are equivalent are investigated.
Theorem 1: Let K;’s be control equivalent to K w.rt. G
and observable events set be X, such that X,NX,SX,,
P:(Z,U%,) —X,i=0,1,2, and Q;: E"—(ZNZ,)",j=1,2. Then
local normality implies global normality and vice versa.
Proof: (If) Let K, K, be two local normal languages. Then,
PI-IKIan(G):Pl-lQl-lQlKlﬂLm(G),
Pz’lean(G)=P271Q271QzK2mLm(G).

Assume K, K, are control equivalent to K w.r.t. G. Thus,
K=P1'1K1ﬂP2'1K2ﬂLm(G),

We can write,

K=P,"'Q,"'Q;K;NP,"'Q;'Q:K,NL,(G).

From Fig. 1 we have

Pile{l:Po’lRifl ,i:1,2

and

K=P0'1R1'1Q1K1nPo'le'leKzﬂLm(G).

From the properties of natural projection [9], we have Py'(R,™!
QiIKiNR,'Q:K,)=Py'R'Q; KNPy 'R,'Q;K, and PK=R,"
Q,K,NR,'Q,K,. Thus, K=P;'Py(K)NL,(G). It means that K
is (L.(G), Py)-global normal language. With the same analysis
scenario, it can be proved that K is (L(G),Py)-global normal if
both K;’s are (L(G),P;! ,Q;)-local normal.

(Only if) Let K=P,'Po(K)NL,(G) and the unobservable
events set be (X,UX,)\X,. We assert that P,'K,NL,(G)=P,"!
Ql'lQlKlﬂLm(G) and Pz-lenLm(G):Pz-lQz-leKzﬂLm(G).
Assume P]’lKlmLm(G)iP]ilQ]ilQ]K]an(G) or Pz’l
KZmLm(G)inlQ2>1Q2K20Lm(G)' Then,

P Q QKNP 1Q, 'QKNLL(G)EP, 'K NP, 'KLNL L (G)
=P,'R;'Q,K|NPy'R,'Q,K,NLL(G)EK
=P,"R,'Q,K,NR,'Q,K2 )NL_m (G)EK
=P,"Py(K)NL(G)ZK.

However, K=P,'Py(K)NL,(G). Thus, by contradiction the
claim is proved.

It is obvious the normality of a language is a strict condition.
Hence, relative observability is more achievable than
normality in practice.
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4- 2- Local Relative Observability

Local relative observability was defined in [20] in the
case of unobservable controllable events in decentralized
supervisory control. This property makes a larger language
than the supremal normal counterpart.

Definition 2 (Local Relative Observability)[20]: Let K; be
a language for i=1,2 and K,cC,€P,L(G). Also, P;: ' —X",
Qi X' —(ZiNXy)" and Qi(s)=Qi(s"). K, is locally relatively
observable w.r.t. (C;, G, P! ,Q)) if

(i”)(VGEZi) SGEKi ,S‘EC{, Pi_l(S‘G)EL(G)ﬁs‘GEKi

(i) s€eK,, s"€C;, Pi'(s")EL,(G)=s€K..

According to Proposition 1, it is easy to show that the statements
(1) and (ii"") can be written as follows, respectively.
P;'Q/'QiKiNP;'C; ZNL(G)cP'KiNL(G), (11)
P{IQ{IQ;K;ﬂP{lcian(G)zPi-lKimLm(G). (12)
Proposition 6: K; is locally relatively observable w.r.t. (C;, G,
P;1,Q)) if and only if Qi(s)=Qi(s") and (11), (12) hold.

Proof: This proposition is proved in the appendix.
Comparing to the local relative observability, we rename the
relative observability global relative observability.

In the following proposition, some circumstances in which
local and global relative observability are equivalent will be
investigated.

Proposition 7: Let K;’s be control equivalent to K w.r.t.
G, and observable event set be X, which X,NX,S%, and
Pi:(Z,UL) =X ,i=0,1,2, Q;:X"—(Z,NZy)", j=1,2. Then local
relative observability guarantees global relative observability,
and global relative observability guarantees that at least one
of the local controllers is locally relatively observable and the
other is local normal.

Proof: This proposition is proved in the appendix.

If C=K,, then local relative observability property turns into
local observability property. Thus, it is sufficient to replace C;
by K; in the local relative observability definition.

5- Observation-equivalent Versus Control Equivalent
Previously, we showed that if all the shared events between
local controllers (which are control equivalent to the
monolithic supervisor w.r.t. the plant) are observable, then they
have observation properties similar to those of the monolithic
supervisor. For example, if K;, K, are local controllers, and K
is relatively observable w.r.t. (C,G,Py), then K, K, are locally
relatively observable w.r.t. (C, G, P, Q;) ,i=1,2 in the partial
observation case. We prove that this property has an essential
role to keep the local controllers control equivalent to the
monolithic supervisor w.r.t. the plant.

Definition 3 (Observation-equivalent): Let K be a monolithic
supervisor and K;’s be local controllers with P;:X"—X"
,i=0,1,2 and QX "—(%NZ,)" ,j=1,2. K’s are observation
equivalent to K w.r.t. G, if the following statement is satisfied.
“vi ,Ci2K,, if K; is locally relatively observable w.r.t. (C;,G,
P;',Q;), then 3C2K such that K is global relative observable
w.rt. (C,G,Py).”

However, the control equivalency of a set of local controllers
to the monolithic supervisor is guaranteed in full observation
case; the observation equivalence of local controllers to the
monolithic supervisor may be violated if the observation
of local controllers is restricted to observe some events
which are not significant for a consistent decision making.
Hence, we investigate circumstances in which observation
equivalence leads to the control equivalence.

In the following theorem, we prove that control equivalency
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of local controllers to the monolithic supervisor is satisfied if
and only if ¥;NX,CX,.

Theorem 2: Let K;’s be observation-equivalent to K w.r.t.
G, and observable events set be Xy, where Pi:(Z,UX,) —ZX"
,i=0,1,2, and Q;:X"—(%;N%y)’, j=1,2. Then, K;’s are control
equivalent to K w.r.t. G if and only if X,NZ,C%,.

Proof: (If) The proof is similar to that of Proposition 7.
(Only if) Assume that £,CX,NX,. Then, P,"'Q,'=P,'Q, =Py,
PngQ]KlﬂQsz 5 and P]_lcl, Pz_lcz be in conflict. We can
write,

P, 'K NP, 'KyNLL(G)=P,'Q,'Q K NP, 'Q,'Q,K,N (P!
C,NP,'C,)NLL(G)=Py(Q,K,NQ,K,)N(P,'C,NP,!
C)NLw(G).

Define C::P1-1C10P2-1C2. Then, CQP{'ClﬂPZ'lCz. Thus,
P, (P,K)NCNL(G)SP,'(Q,K,NQ,K,)NP,"'C,NP,!
C,)NL(G)=KCP,'K,NP,'"K,NL,(G). It means that K,
and K, may be synchronously in conflict. By contradiction
2INE,CX,.

In Proposition 7, if K, is locally observable w.r.t. (G, P, ,Q))
(respectively K, is local observable w.r.t.(G,P,") ,Q,)) then
C=K, (respectively C,=K,). Therefore, (C:=P,"'C,NP,"
C,NL(G)=P," K,NP,'C,NL(G) and KEC'. Namely, K is
globally relatively observable w.r.t. (C',G,P,). Moreover, if
K, is locally normal w.r.t. (G,P,",Q,) then C :=P,"'C,NP,"
C,NL(G)=P,'C,NL(G) and KEC . Namely, K is globally
relatively observable w.r.t. (C*,G,Py).

6- Examples

In this section, we consider four examples to illustrate the
extended theorem in the previous sections.

Example 1: Consider the plant G and the recognizer of
the supervisor K given in Fig. 2. Assume that the set of all
possible events is X={10,13,14}, the controllable events sets
are X, =2, ~{13}, the observable events sets are Z;,={13,14}
and X,={13}, and the natural projections are as follows,
Pi:Z*—>Zi* ,i=0,1,2, Q_l 2_]*_)2’_]0* ,j=1,2

The local controllers which are control equivalent to the
supervisor w.r.t. G are shown in Fig.3. The monolithic
supervisor and local controllers are constructed by TCT
software [25]. Synchronization of local controllers with the
plant is the same as that of the monolithic supervisor, shown
in Fig. 2 (b). Fig. 4 shows the recognizer of the monolithic
supervisor with partial observation. K is globally relatively
observable w.r.t. (C,G,P;), where C={10,1014,101413,14,1
413,1414}CL(G). Fig. 5 shows local controller 1 with full
observation and local controller 2 with partial observation.
Also, the synchronization of local controllers (Fig.5) and the
plant is control equivalent to the monolithic supervisor with a
partial observation (Fig. 4).

Therefore, whenevent {10} isnotobservable forthe monolithic
supervisor, it can be unobservable for local controller 2,
whereas control equivalency between local controllers and

Fig. 2. (a) Plant G (b) Recognizer of the supervisor K
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Fig. 3. Local controllers with full observation, (a) Local
controllerl with full observation X,={13,14}, (b) Local 3
controller 2 with full observation X,={10,13}

Fig. 9. Local normal controllers for M, and TU

Fig. 4. Recognizer of the monolithic supervisor K with partial
observation, X,={13,14} . - .

Station A\ —- — - —— - —— - —— . —{Station B

Fig. 10. Schematic of a guide way

(O LB N0 1S 12
{O=—(D)—()—C)—(D)—0)
D

21 23 20 25 22
V(OO0

Fig. 11. Discrete-event model of vehicles V,V,

©

Fig. 5. Local controllers with partial observation X,={13,14}
, (a) Local controller1 with full observation X,,={13,14} , (b)
Local controller2 with partial observation X,={13}

Fig. 7. Reduced supremal relative observable supervisor Fig. 14. Local normal controller for V,
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the monolithic supervisor w.r.t. G is preserved. This raises
the concept of observation equivalency. It means that, if local
controller 2, that is shown in Fig.5 (b), has conflict with the
other local controller, then their synchronization with the
plant is not control equivalent to the monolithic supervisor
(shown in Fig. 4) w.r.t. G.

Example 2 (Supremal relative observable supervisor for
Transfer Line): Industrial Transfer Line is a simple model of
industrial systems and consists of two machines M1, M2 and
atestunit (TU), such that they are linked by buffers B1 and B2
with the capacity of three and one slots, respectively (Fig. 6).
If a work piece accepted by TU, it is released from the system;
if it is rejected, then it is returned to B1 for reprocessing by
M2. The control logic is based on protection B1 and B2
against underflow and overflow [24]. Controllable events
are odd-numbered and the unobservable event is {1}. Fig.7
shows the reduced supremal relative observable supervisor
synthesized by TCT software [25]. Local controller for the
component M1 is shown in Fig. 8 and for M2 and TU in Fig.
9. The local controller of M1 is locally relatively observable
and the local controllers of M2 and TU are locally normal. If
event {1} is unobservable for local controller of M1, then it
becomes self-looped at all states of the local controller (it is
not shown). The local controllers of M2 and TU are locally
normal because event {1} is self-looped at all states as shown
Fig. 9. It means that event {1} does not affect local controllers
of M2 and TU, even they are under full observation or under
partial observation.

It can be interpreted that event {1} does not belong to local
controllers of M, and TU. Therefore, the global relative
observability of the monolithic supervisor leads to the local
relative observability of local controller M, and leads to local
normality of local controllers M, and TU.

Example 3(Supremal normal supervisor for a Guide way)
On a typical guide way, stations A and B are connected by a
one-way track from A to B, as shown in Fig. 10. The track
consists of four sections, with stoplights which are shown
with (*) and with detectors which are shown by (!), installed
at various section junctions [23].

Two vehicles V; and V, use the guide way simultaneously.
V;,i=1,2, may be at state 0 (at A), state j (while travelling in
section j=1,....,4), or state 5 (at B). The discrete-event models
of V; ,i=1,2 are shown in Fig. 11.

The plant to be controlled is G=sync(V},V,). In order to prevent
collision, control of the stoplights must ensure that V, and V,
never travel on the same section of the track, simultaneously.
In this example, unobservable events are {13,23}. Fig. 12
shows the recognizer of the supremal normal supervisor, and
Fig.13 shows the recognizer of the reduced supervisor in which
unobservable events {13,23} are not shown, i.e. they are self-
looped at all states in the reduced supervisor.

Events {13,23} belong to null space of an arbitrary natural
projection P as follows,

P:X—%," X~=X-{13,23}

The local normal controllers for components V1 and V2,
are shown in Fig. 14 and Fig. 15. They are locally normal;
because local controllers do not regard the events {13,23}.
Therefore, the global normality leads to local normality
and vice versa.

Example 4 (Supervisory control synthesis for balancing the
pressure of parallel gas trunk lines)

The main sector of a long-distance gas transmission system
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is a gas trunk line. A gas trunk line is a pipeline which is
designed for natural gas transmission from production to
market areas. It is similar to trunk of a tree in which the gas
processing plants deliver the natural gas through several
roots, and consumers receive the gas from some branches.
Natural gas is pressurized so that it travels through a pipeline
to transport the flow of gas. To keep the minimum pressure
for flowing natural gas through each pipeline, compression
of the natural gas occurs periodically along the pipe. This is
accomplished by compressor stations, placed according to
the land topography along the pipeline. Natural gas pipelines
include a great number of valves along their entire length.
They are divided into two categories: 1. Line Break Valves
(LBV’s), usually open and allow natural gas to flow freely,
but they can be used to stop gas flow along a section of
pipe. There are many reasons why a pipeline may need to
restrict gas flow in certain circumstances, namely emergency
shutdown and maintenance. 2. Control Valves placed on
connection pipes between two trunk lines. They are called
connection valves each of which connects two trunk lines
through a certain connection line.

Since the consumption of natural gas shall be distributed
across the trunk lines, several branches from a trunk line are
taken to provide the consumption. Hence, the pressure of
each trunk line may fluctuate by gas consumption throughout
a trunk line. In order to balance the pressure of two or more
parallel gas trunk lines, each connection valve between a pair
of trunk lines segments can be set to open (Figs. 16, 17, 18).
The supervisory control problem for a discrete-event system
is formulated by modeling the plant and its control logic
(specification) as finite automata [24].

The discrete-event modeling of parallel gas trunk lines,
description of specifications, supervisor synthesis and state
reduction of the supervisor is carried out in TCT software [25].
We construct a DES model for each pair of parallel gas trunk
lines and associated connection valves as follows,

PV;= Sync(P;, P;, V) (18, 66) Blocked events = None

P;, P; and V; are DES models of each pair of parallel gas
trunk lines and the connection valve which is placed on the
connection pipe between the two trunk lines (Fig. 19). PV
has 18 states and 66 transitions. Each pair of parallel trunk
lines has the same structure with different events.

The control logic for opening and closing the valve is designed
as several “If-Then” rules in Table 1, and the corresponding
DES model is shown in Fig. 20. It is provided by a designer for
balancing the pressure of two parallel gas trunk lines 1 and 2.
The continuous time dynamics of the pressures in a segment of
trunk lines 1 and 2, influenced by open/close actuations of the
connection valve (Fig. 16) is shown in Fig. 21. The minimum

Fig. 15. Local normal controller for V,
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Fig. 16. Schematic diagram of a supervisory control for two
parallel gas trunk lines
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Fig. 17. Schematic diagram of a Monolithic (centralized)
supervisory control for three parallel gas trunk lines
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Fig. 18. Schematic diagram of decentralized supervisory
control for three parallel gas trunk lines
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Fig. 19. DES model for each trunk line and the connection
valve, i=1,2,3
(a) Trunk Lines (Pi), (b) Connection Valve (Vi)

Fig. 20. DES model of the specification for balancing the
pressure of two parallel gas trunk lines, E,

Table 1. Specifications as “If-Then” rules

Rule
no.

If Then

The connection valve is closed- ev
.13, and the pressure of trunk line
1 1 is Low- ev.14 (High- ev.12),
and the pressure of trunk line 2 is
High- ev.22 (Low- ev.24)

The connection valve is open-
ev.11 and the pressure of trunk

Open the connection
valve (ev.11)

Close the connection

2 line 1 returns to the permissible valve (ev.13)
range (from min.)- ev.140
The connection valve is open-
ev.11 and the pressure of trunk  Close the connection
3 . o
line 1 returns to the permissible valve (ev.13)
range (from max.)- ev.120
The connection valve is open-
4 ev.11 and the pressure of trunk  Close the connection

line 2 returns to the permissible
range (from min.)- ev.240

valve (ev.13)

The connection valve is open-

ev.11 and the pressure of trunk

line 2 returns to the permissible
range (from max.)- ev.220

Close the connection
valve (ev.13)

and the maximum permissible pressures are assumed to be 50
bar and 60 bar, respectively for each trunk line. Dashed lines
show the variations of pressures in one segment of trunk lines
1 and 2, influenced by inlet and outlet gas flows (Fig. 21).
This simulation is carried out by state flow toolbox in Matlab.
In the case of three parallel gas trunk lines, we obtain two
other control logics, structurally the same as E; with different
events for the other two pairs of parallel trunk lines (2,3) and
(1,3). Each decentralized supervisor can be synthesized using
supcon procedure as follows,

SUPij = SupCOIl (PVU, E,) (34,95)

Each decentralized supervisor has 34 states and 95 transitions.
We can show that SUP,,, SUP,; and SUP; are synchronously
non-conflicting. Now, assume that events {l11,21} are
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unobservable. Two supremal relative observable supervisors
ROSUP;, and ROSUP,; can be synthesized using supconrobs
procedure as follows,

ROSUP,= Supconrobs(PVy,, E;, Null[11]) (65, 181)
ROSUP,;= Supconrobs(PV,;, E,, Null[21]) (65, 181)
Moreover,

SUP; = Supcon(PV;, E3) (34,95)

SUP,; is synthesized based on full observation of PV;.

The desired behavior (specification) of three parallel gas
trunk lines can be obtained as follows,

E=Meet(E,, E,, E;) (512, 6528)

Assume controllable events {11,21} are unobservable. The
supremal relative observable monolithic supervisor can be
synthesized by supconrobs procedure as follows,

ROSUP= Supconrobs(PLANT, E, Null[11,21]) (1648, 7272)
ROSUP is the relative observable supervisor with 1648 states
and 7272 transitions.

On the other hand, the conjunctive behavior of ROSUP,,
ROSUP,; and SUP;;, can be obtained as follows,
SROSUP,,= Selfloop (ROSUP,,, [32, 34, 320, 340, 21, 23,
31, 33]) (65,367)

SROSUP,;= Selfloop(ROSUP23, [12, 14, 120, 140, 11, 13,
31, 33]) (65,367)

SSUP, ;= Selfloop(SUP23, [12, 14, 120, 140, 11, 13, 21, 23])
(34,367)

DSUP = Meet(SROSUP;,, SROSUP,;, SSUP;;) (1648, 7272)
We can check the identity of DSUP and ROSUP by isomorph
procedure.

true = Isomorph(DSUP, ROSUP; identity)

Since unobservable events {11,21} are not the shared events,
local relative observability of decentralized supervisors leads
to global relative observability of the monolithic supervisor
(ROSUP).

In this example, we clarified that local observation properties
lead to the global ones, if the shared events are observable.
We know that decentralized supervisory controllers may
be in conflict with each other because each decentralized
supervisor observes the plant partially. The extended theory
in this paper implies that, if the shared events of decentralized
supervisors are observable, then unobservable events, in a
relative observable supervisor, do not cause the conflict in
the plant. In this example {11, 21} are unshared events.

7- CONCLUSIONS

In this paper, a method was introduced to analyze the
observation properties such as relative observability, in a
set algebra approach . Moreover, the observation properties
in distributed supervisory control were investigated. We
proved that with having local controllers and the monolithic
supervisor, the partial observation properties are preserved
from the global supervisor to the local controllers if and
only if the intersection of local event sets is a subset of or
equal to the global observable event set. Furthermore, the
concept of control equivalency was extended for observation
problem. Observation equivalence describes the equivalency
of observations in the local controllers and the monolithic
supervisor in order to have equivalency between control
behavior in the monolithic and distributed supervisory control
of the plant. It was proved that with having equivalency
between local controllers and the monolithic supervisor, the
control equivalency is satisfied if and only if the intersection
of local event sets is a subset of or equal to the globally
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observable event set. The extended theory was illustrated by
four examples.

= Pressure 1 (usder contral)
= Pressure 1 (withour contral)

a. Variations in pressure of trunk line 1, influenced by open/
close actuations in the connection valve

==Pressure 2 (under control}
= Pressure 2 twithout control)

b. Variations in pressure of trunk line 2, influenced by open/
close actuations in the connection valve

—Valve Position

c. Open/close actuations of the connection valve, influenced by
the commands of the supervisor

Appendix 1

In this appendix, we prove some propositions mentioned in
this paper.

Proof of Proposition 2: We have
P'PKNCENL(G)CK,
P'PKNCNL,(G)=K.

Then,
P'PKNCENL(G)NKEZcKNKE,
P'PKNCNL,(G)NK=KNK.

On the other hand,

KcC = KzcCx.

Thus,

P'PKNKEZNL(G)CK,
P'PKNKNL,(G)=K.
Therefore, K is observable.
Proof of Proposition 3: We have
P'PKNL(G)=K,
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P'PKNL,(G)=K.

Then,

PPRNL(G)NCE=RNCE,
P'PKNL,(G)NC=KNC.

Also KEK<C and KNCzcK. Thus,
PPRNL(G)NCECK,
P'PKNL,(G)NC=K.

Proof of Proposition 4: Assume that
P'PK,NCZNL(G)CK,,
P'PK,NCNL,(G)=K..

We can write
Ui{P'PKNCZNL(G)}cUK;,
Ui{P'PK,NCNL(G)}=UK;.

Thus,

Ui{P'PK;} NCENL(G)cUiK;,
Ui{P'PK;}NCNL(G)=UK;.

From the properties of natural projection [9], it holds that
P'P(U;{K;HNCZNL(G)c UK,
P'P(U;{K;)NCNL(G)=UK; .
Therefore,

P'PKNCENL(G)CK,
P'PKNCNL,(G)=K.

Proof of Proposition 5: Assume that
P'PK.NCZNL(G)cK,,

P'PK,NCNL,(G)=K..

Then,

Ni{P'PKNCZNL(G)}cNK;,
N;{P"'PK;NCNL,(G)}=NK; .

From the properties of natural projection [9],
Ni{P'PK;} NCNL,(G)SP'P{NK;} NCNL(G).
Thus,

NK<P'P{NK}NCNL,(G).

Let K=NK; . We can write KEP'P{K}NCNL(G).
Therefore, the closeness of relative observability, under
intersection, is not guaranteed.

Proof of Proposition 6: (If) Assume Q i (s)=Q i (s*’) and
(11), (12) do hold. We can write,

(Vo€x) sc€eK; ,s'€C,P; (s 0)EL(G)=>s"6€C; X..
Also,

Qi(5)=Qi(s)=Qi(s6)=Qi(s'0)=s'0€Q'Q; K;
=P;!(s’6)eP;'Q'Q; KNP IC; XNL(G).

From (11), we can write
=P;(s'6)€P;'K\NL(G)=s c€KNP; L(G)
=s'0€K,.

Thus, (i) is proved.

From (12), we can write,

s€K;,s' €C,,P;'(s)ELL(G)=P;!(s")€P;'C..

Also,
Qi()=Qi(s")=s"€Q;'QK;=P;(s)€EP;'Q ' QK;
=P;1(s)EP;'Q;'Q; KiNP;'C;NLL(G).

From (12), we can write,

=P;!(s")eP;'KiNLL(G)

=s'€KNP; L.(G)

=s €K,

Thus, (ii"") is proved.

(Only if) Assume Q;(s)=Q;i(s") and (i*) hold. we can write
sc€K; ,s'€C, Pi!(s’ 6)EL(G)=s" c€K;
=Qi(s0)€EQK; ,s'€C;, P;'(s" 6)EL(G)=s" c€K;
=Qi(s'0)EQK; ,s'€C;, P/'(s" 6)EL(G)=s" c€K;
=5"0€Q;'QK; ,s'€C,,P;!(s 6)EL(G)=s"c€K;
=P/ '(s'6)€P;'Q'QK; ,Pi'(s'6)EP;'CX, P/ '(s 0)EL(G)
=5'6€K; =P;!(s'0)€P;'K,,P; (s 6)EL(G)
=P;'Q;'QKNP;'CZNL(G)CP; 'KiNL(G).

On the other hand,

€¢P;'C, X,eeP 'K, =
P;'Qi'QKNP ' CENL(G) P 'KiNL(G).
Moreover, (i'") holds. Then,

s€K;,s €C,,Pi'(s)ELL(G)=s"EK;

=Qi(s)€Q; K ,s"€C;,Pi'(s)ELL(G)=s EK;
=Qi(s)EQK,,s €C,,P; (s )ELL(G)=>s"EK;
=5€Q,'Q; K; ,s"€C,,P; (s )ELL(G)=s €K,
=P;'(s)EP;'Q'QK; ,P;!(s")EP;'C,,P; (5" ) ELW(G)
=s'€Ki=P;!(s")eP'K;,P(s")ELL(G)
=P;'Q;'QKiNP;'CNLL(G)EP;'KiNL(G).
Moreover, P;'K,CP;'C; and P;'K;SP;'Q;'QiK; hold. Thus, P;
'KiNLL(G)SP'Q'QIKiNP; 'CNL(G).

Therefore, we can write

P;'Qi ' QKNP ' CiNLy(G)=P; ' KiNLy(G).

Proof of Proposition 7: (If) Let K;, K, be two locally relatively
observable languages. We can write,
P,"'Q,'Q,K,NP,'C,ZNL(G)cP,'K,NL(G),
P,"'Q,'Q,K:NP,'C,ENL(G) P, 'KLNL(G).

We have K;, K, which are control equivalent to K w.r.t.G.
Thus,

K=P,"'K,NP,'K,NL(G),
=P,'Q,'Q:KNP,'Q,' QKN (P )C NP, 'C)ZNL(G)cK.
By defining C:=P,"'C,NP,'C,NL(G), we have KECSL(G),
and Py'R;'Q,K;NPy'R,'Q,K,NCENL(G)CPy 'R QKN
Py Ry 'Q,K,N (P, 'C,NP,'C,)ZNL(G). Thus, Py!(PK)NCE
NL(G)cK.

Similarly, it can be proved that K=P,'(P,K)NCNL,(G).
Therefore, K is (C,G,P,)-global relative observable.

(Only if) Let Py'(P,K)NCZINL(G)cK ,KECCSL(G), and
unobservable events set be (Z,;UZ,;)\X,. Assume K is global
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relativey observable. Thus,

P, (P,K)NCENL(G)cK
=P,"(R,"Q,K,NR;'Q,K,)NCENL(G)cK
—P,R,"Q,K,NP,"'Ry'Q,K-NCENL(G)cK.

We claim that there exists K,SC,, where P,"'Q,'Q, KNP,
C,ZNL(G)cP,'K,NL(G) and K,£C,, where P,'Q,'Q,K,NP,
C.ENL(G)cPy! KoNL(G) (or Py'Qy1Q, KoNL(G)=Py!
K,NL(G)). Otherwise,

P, 'K,NL(G)SP," Q,'Q,K,NP,"'C,ZNL(G), (13)
or
P,'K,NL(G)SP,'Q,'Q,K,NP, ' C,ENL(G). (14)

If both (13), (14) are satisfied, then K=P,'K,NP,!
K,NL(G)EP, P KNCZNL(G); But Py'P.KNCEINL(G)cK.
If only one of the two relationships (13) or (14) holds, then
Q'Q=Q,'Q=1.

Q; ,i=1,2 allow passing all the events from their reference

It means that the projection channels

events set. By contradiction, there should be P,'Q,’
Q.K,NP'C,ZNL(G)cP,'K,NL(G) and P,!' Q,' Q,K,NP,!
C,2NL(G)cP,'K,NL(G). Furthermore, it is easy to prove
that if one of the local controllers is locally relatively
observable and the other one is locally normal, then K is
globally relatively observable. The following relationships
can be proved, similarly.
P,'K,NL(G)=P,"'Q,"'Q,K,NP,"'C,NL(G),

P, KbNLn(G)=P,'Q,'Q,K,NP, 'CNL(G).

Appendix 2

A quick review of TCT commands is presented.
DES3=supcon(DES1, DES2) for a controlled generator
DESI, forms a trim recognizer for the supremal controllable
sublanguage of the marked (“legal”) language generated
by DES2 to create DES3. This structure provides a proper
supervisor for DESI.

DES = sync(DES1,DES2,: : : ,DESKk)

is the (reachable) synchronous product of DES1,DES2.: : :
,DESk.

DAT3= condat(DES1, DES2) returns control data DAT3 for
the supervisor DES2 of the controlled system DES1. If DES2
represents a controllable language (with respect to DES1),as
when DES2 has been previously computed with supcon, then
condat will display the events that are disabled at each state of
DES?2. In general, condat can be used to test whether a given
language DES?2 is controllable: just check that the disabled
events tabled by condat are themselves controllable (have
odd-numbered labels).

DES3=supreduce(DES1, DES2, DAT2) is a reduced
supervisor for plant DES1 which is control-equivalent to
DES2, where DES2 and control data DAT2 were previously
computed using supcon and condat. Also, returned is an
estimated lower bound slb for the state size of a strictly state-
minimal reduced supervisor. DES3 is strictly minimal if its
reported state size equals the slb.

{LOC1,LOC2,...,LOCm} = localize(PLANT,{PLANTI,...
,PLANTm},SUPER)is the set of localizations of SUPER
to the m independent components PLANTI,....PLANTm
of PLANT. Independence means that the alphabets
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of PLANTI,..,PLANTm must be pair wise disjoint.
Optionally, correctness of localization is verified and
reported as ControlEqu(...). Localize is mainly for use when
SUPER is a decentralized supervisor with authority over
PLANTI,...,PLANTm, and PLANT is their synchronous
product.

DES2=project(DES1, NULL/IMAGE EVENTS) is a
generator of the projected closed and marked languages of
DESI, under the natural projection specified by the listed
Null or Image events.

True/False= isomorph(DES1, DES2) tests whether DES1
and DES2 are identical up to renumbering of states; if so,
their state correspondence is displayed.
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