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Relative Coobservability in Decentralized
Supervisory Control of Discrete-Event Systems

Kai Cai, Renyuan Zhang, and W.M. Wonham

Abstract—We study the new concept ofelative coobservability The fundamental concept in decentralized supervisory con-
in decentralized supervisory control of discrete-event sstems tro| is coobservability identified in [6] (see alsd_[7]): coob-
under partial observation. This extends our previous work @ gapapility and controllability of a languagl is necessary
relative observability from a centralized setup to a deceralized . . ; .
one. A fundamental concept in decentralized supervisory aurol and su.ff|C|ent for the eX|§tence ubnblocklngdecgntrallzed
is coobservability (and its several variations); this progrty is Supervisors that synthesiz€. Here the decentralized super-
not, however, closed under set union, and hence there gendlya visors follow aconjunctivedecision fusion rule: an event is
does not exist the supremal element. Our proposed relative enabled if and only ifall supervisors ‘agree’ to enable that
coobservability, although stronger than coobservability is alge- oy ant. One may also consider alternative fusion rules tiead.
braically well-behaved, and the supremal relatively coobsrvable I, . . . . . L
sublanguage of a given language exists. We present an algbrm of d|5]unct|ye.0r a mix of conjun.c.tlve a”f_i disjunctive; these
to compute this supremal sublanguage. Moreover, relativeaob- ead to variations of coobservability studied in [8]. A fuer
servability is weaker than conormality, which is also closd under  extension called conditional coobservability is repoiited].
set uniqn; unlikg conprmality, relative coobservability imposes no None of the above various versions of coobservability, how-
constraint on disabling unobservable controllable events ever, is closed under set union; consequently there géyeral

Index Terms—Supervisory control, discrete-event systems, de- does not exist the supremal coobservable sublanguage of a
gentralized supervision, relative coobservability, parial observa-  given language. In fact, even the existence of a coobservabl
tion, automata. sublanguage is undecidable in genefall [10]. On the other
hand,conormality(or strong decomposability), being stronger
than coobservability, is proposed inl [6]; it is preserved un
der set union and the supremal conormal sublanguage may

Recently we introduced the new conceptelative observ- be computed. Conormality, however, imposes the constraint
ability in supervisory control of discrete-event systems (DE$)at no decentralized supervisor can disable its unobskryva
under partial observation (se€ [1] and its conference psecu controllable events, and may therefore be overly conseevat
[2]; also the timed casé][3]). Relative observability iosger in practice. There is a weaker version of conormality stddie
than observability, weaker than normality, and preservetbn in [11], which is also closed under set union; however, no
set union; hence there exists the supremal relatively ghbkr algorithm is presented to compute the supremal element.
sublanguage of a given language, which may be effectivelyln this paper, we introduce the new concept refative
computed. Relative observability is formulated in a cditeal coobservability which is a natural extension of relative ob-
setup where a monolithic supervisor partially observes asdrvability to the decentralized supervisory control petie
controls the plant as a whole. prove that relative coobservability is stronger than (aiy o

In this paper and its conference precursor [4], we extend réhe known variations of) coobservability, weaker than (Wea
ative observability to alecentralizedsetup where multiple de- conormality, and closed under set union. Moreover, we prtese
centralized supervisors operate jointly, each of whicheolss an algorithm for computing the supremal relatively coob-
and controls only part of the plant. Decentralized superyis servable (and controllable,,,(G)-closed) sublanguage of a
control is an effective means of managing computationgiven language. This algorithm is so far the only one that
complexity when DES are large-scale (elg. [5, Chapter 4pffectively synthesizes nonblocking controlled behatat is
Our work is motivated by the fact that, in decentralized caint generally more permissive than the conormal counterpae. T
under partial observation, there has so far lacked an aféectnew concept and algorithm are demonstrated with a Guideway
concept for which the supremal decentralized supervisang nexample.
be computed, unless normality constraints are imposedhwhic We note that[[12] introduced three concepts called strong
might be overly conservative. conjunctive coobservability, strong disjunctive coolvséility,

and strong local observability; the latter two are provedbéo
K. Cai is with Urban Research Plaza, Osaka City Universigpah. closed under set union. First, for strong local observgbili
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coobservability (conjunctive, disjunctive, mixed, conditional)
(Rudie and Wonham, 92) (Yoo and Lafortune, 02, 04)

Il. RELATIVE COOBSERVABILITY

The plant to be controlled is modeled by a generator
/T G= (Q?Zaév QOan) (1)
strong coobservability (conjunctive, disjunctive) whereQ is the finite state set, € Q the initial stateQm C Q
(Takai et al, 05) the subset of marker states;the finite event setj : Q x & —
Q the (partial) state transition function. In the usual ways
extended td : Q@ xX* — @, and we writed(q, s)! to mean that

relative coobservability d(q, s) is defined. Theclosed behavioof G is the language

ﬂ L(G) = {s € £"|8(g0, )} € " %)

and themarked behaviois
strong local observability

(Takai et al, 05) Lm(G) = {S 6 L(G)|6(q03 S) 6 Qm} g L(G) (3)
A string s; is a prefix of a strings, written s; < s, if there
exists s such thats;so = s. The (prefix) closureof L,,(G)
weak conormality is Ly (G) = {Sl e X | (3s € LW(G))Sl < S} In this
(Takai et al, 05) paper we assumeg,,(G) = L(G); namelyG is nonblocking
A languageK C ¥* is L,,(G)-closedif KN L,,(G) = K.
For partial observation, let the event &&be partitioned into
Y,, the observable event subset, ang,, the unobservable

conormality, strong decomposability subset (i.eX = X,UX,,). Bring in the natural projection
(Rudie and Wonham, 92) P :¥* — ¥ defined according to
Fig. 1.  Observability concepts and their relations in déedied super- P(e) =€, ¢is the empty string;
visory control under partial observation: bottom to toppsg to weak. For if n
all coobservability concepts weaker than relative coolzdglity, no effective P( 0) _ & ' g ¢ 01 (4)
algorithm exists that computes the corresponding nonbigclcontrolled o, ifoeX,,
behavior. P(s0) = P(s)P(0), s€X*,0€X.

In the usual wayP is extended td® : Pwr(X*) — Pwr(3%),
where Pwr(-) denotespowerset Write P! : Pwr(X}) —

sublanguage. The relations of relative coobservabilitg ad’wr(X") for the inverse-image functionf P.

other concepts reported in decentralized supervisoryrabnt L€t ¥, C X and the natural projections; : ¥* — X7 ;,
are summarized in Fid] 1. i € Z (Z is some index set). Also lef.; C X. We consider

. decentralized supervisory control where each decentihliz
Note also that, for prefix-closed languages, several prenpervisori € 7 observes events only iR, ;, and controls
cedures are developed to compute maximal decentraliz&;ﬁnts only inX.;. Then letX, := U;czE.; be the total
supervisors, e.g.[13].[14]. Those procedures are noteliew controllable event subset, ailt), := £\ . the uncontrollable

applicable to non-closed languages, because the resulifgset. A languag& C ¥* is controllablewith respect toG
decentralized supervisors may be blocking. if

Finally we point out that the supremal relatively coobserv- Ky, NL(G) CK. (5)
able sublanguage of a given languagemay be empty even
if there exists a nonempty coobservable sublanguagé of For conceptual simplicity let us first consider the case af tw
(whether or notk is prefix-closed). Nevertheless, whenevefiecentralized supervisors, i.€.= {1,2}. The (conjunctive)
the supremal relatively coobservable sublanguage is nptyemcoobservability is defined as follows![6]. A language C
(and therefore can be computed by our proposed algorithr), (G) is coobservablevith respect toG, Py, Pa, Xc.1, ¥ 2
it is guaranteed to be coobservable, and nonblocking decén-

tralized supervisors may be constructed accordirigly [6]. (Vs,s',s" € £) Pi(s) = Py(s)) A Pa(s) = Po(s") =
The rest of the paper is organized as follows. In Sedfibn Il (i) (Vo € X.1N%.2)
we introduce the new concept of relative coobservabilitg an (soeKAse K AsoeL(G)= so € K)

show that it is stronger than coobservability (and its \taotes) 9 — — _
and weaker than conormality. In Sectibnl Ill we prove that V(o e KAse K Asoe L(G)=socK) (6)
relative coobservability is closed under set union, andgme (i) (Vo € X.1\ Xc2)
an algorithm to compute the supremal relatively coobsdevab scoeKNseKAsoe L(G)=soceK 7)
sublanguage of a given language. The results are dematstrat (iii) (Vo € oo\ Se)
with a Guideway example in Secti@nllV. Finally in Sectloh V @ @

1" T T 7
we state our conclusions. s'loe KNse KNso e L(G)=soeK  (8)



First observe that (i) (resp. (iii)) above, for a controlie Yo1 =A{7,0}, Yoo = {0,0} O initial state
events belonging only toX. 1, i.e.o € Y., \ S.o (resp. Ye1=Xe2 =10} O marker state
o € 3 2\2¢1), is simply the standard observability condition
[15] with respect toP; (resp.P) that is applied. For a shared
controllable eventr € £.; N Y. in (i) above, on the other
hand, both observation® and P, are involved, and the
condition [®) is equivalent to

soe KNs'ce KNs€e KNso€L(G)=so €K G

namely the decision of enablingafter strings will be made
if it is first ratified by both supervisors working through the
respective observation channels.

Coobservability, together with controllability an,,(G)-
closedness, of a languad€ is shown to be necessary and

sufficient for the existence of two decentralized supergiso K, K
conjunctivelysynthesizingK [6]. Coobservability, however,

is not closed under set union, and consequently the supremal Ln(G) = C ={a, 8,7, a0, 0,0}
coobservable sublanguage &f need not exist in general. Lin(K) = Lin (K1) U Lin(Ks)

This fact m_o_tlvate_s us to propose the. new COI’]_CGRJHIIVG Fig. 2. Suppose that were used in[{9). Thef., (K1) and L., (Kz) would
coobservabilitywhich (as we will show) is algebraically betterygt pe T-coobservable, but the uniodu, (K) = L (K1) U Lim (K2)

behaved. would not be. The reason is as follows. First @y : ©* — £* |, lets = «

o _ _ ands’ = B. Then Py (s) = Py(s') = ¢, s'o € L(K), s € C, so € L(G),
Definition 1. Let C' C L,,(G) be a fixedambientsublan- butso ¢ L(K). Second forP, : £* — % ,, let s = o and s” = . Then

guage. A sublanguag&’ C C is relatively coobservableor Py(s) = Pa(s”) = ¢, 5”0 € L(K), s € C, so € L(G), butso ¢ L(K).

simpIyU-coobservablewith respect toG, Py, P», Ec,la 2072 %(Jtritsif))n: we will use the same initial and marker state thatain subsequent
if ’

(Vs,s',s" € %) Pi(s) = Pi(s") A Pa(s) = Pa(s") =
(I) (VO’ S Ec,l n Ec,g)

'ce KANseCA L(G K .y o .
(o€ _ o€ _ 50 € L(G) = s0°€ _) Proposition 1. If K C C is C-coobservable, ther is also
AN(is"oe KNseCNAsoeL(G)=soeK) (9) coobservable.

(i) (ver Ie Eci\ Ec’z)_ _ The reverse statement need not be true. For an example see
soeKNseCNsoeL(G)=soeK  (10) again FiglR:L,, (K1) (or L,,(K>)) is coobservable (since
(i) (VoeXea\2e1) is used in[(b)) but not relatively coobservable fsed in [9)).
‘s eKANsecCAsoeL(G)=socek (1) Second, relative coobservability is a decentralized versf
relative observability[[1]. Indeed, for an unshared colfdtie
Several remarks on the definition are in order. First, negati event, namely (ii) and (iii) in the definition, individual lee
coobservability is a ‘strengthened’ version of coobseilitsh tive observability conditions corresponding to the respec
in two respects. For one, all stringsin the ambientC' are natural projections are applied; while for a shared control
considered, instead of just stringsii. For the other, the two lable event, namely (i), both conditions must be satisfied
implications in [9) are connected by “and, instead of “or” simultaneously. This implies that the definition of relativ
V. Namely [9) requires that the ‘observational consistencgoobservability is equivalent to the condition that for leac
hold for both observation channel®; and P,. This require- i € Z, K is relatively observable with respect 19, i.e.
ment is crucial to provide closure under union for relative , . , , —
coobservability; as I;')he example in FIg. 2 shows, usinin (vs,s" € B7)(Vo € §C=i) Pi(s) = Pi(s') A s o< K
@ would fail to guarantee closure under unibilence we Ns€CNsoeL(G)=soeK. (12)
have identified the two defects that cause coobservabdity
fail to be closed under union: (1) lack of an ambient langua
(2) the use of disjunctive (“or”)v logic in connecting local
observational consistency.

The above two (strengthening) modifications lead immedi-
ately to the following.

Thus we see that Definitidd 1 is easily adapted to a general
Yhite set 7 of decentralized supervisors. For this reason,
we also refer to relative coobservability &sfold relative
observability
. . : . . : , Third, consider a finite seT of decentralized supervisors.
This requirement is admittedly a shortcoming of our re@toobservabil- Relati b bili hat if a d l
ity approach as it rules out any inconsistency in decemgdlisupervisors’ _e ative coobserva '_'ty ensures that It a decentra IZ&_IES-
local decisions. However, in the absence of such a requiteibeloes not Visor enables (resp. disables) an event, then no othengsper
seem possible to preserve the property of closure undenuaiw hence the (isables (resp. enables) that event. Namely, there is nitiaton
effective computability of a useful result. Computatioreaherely “maximal”, d lized . " | | decisi
as distinct from supremal, behavior (even if that could beiexed) would among ece_ntra Ize _superwsors oca _Contro eCISlallsl.
be, in our view, of little practical interest. each supervisor may independently decide to enable orldisab



an event based on its local observation. 7,0 € Yo, 0,0 € Xop

Fourth, we note that the ambient languageis selected 0 € X1 M X2
such that all the strings i@ must be tested for the conditions 7 .0
of relative coobservability. In addition, ity C Cs C L,,(G) @ o
are two ambient languages, it follows easily from Definifbn O——>0

that C,-coobservability impliesC;-coobservability. Namely, o
the smaller the ambient language, the weaker the relative
coobservability. G K

An alternative definition of coobservability that has apL.(G)=C = {a, 3,7, a0, 80,70} Ln(K) ={a,8,v,a0,7v0}
peared in the literature is disjunctive coobservability, [8 L(G) = C = {¢,a, 3,7, ao, B0, v0} LK) = {¢,a, 8,7, a0,v0}
defined as follows. A languagk C L,,(G) is disjunctively

coobservablavith respect toG, Pi, Ps, Y. 1, X¢o if Fig. 3. L., (K) is disjunctively coobservable but not relatively coobséte.
’ ’ For Py, let s = § ands’ = a. ThenPi(s) = Pi(s’) = ¢ s'0 € L(K),
s € C, so € L(G), but sc ¢ L(K). This violates [[P), and therefore
Vs. s " € 3*) Pi(s) = Py (s') A Py(s) = Py(s") = relative coobservability fails. FoP., on the other hand, let” = ~ so that
(_ Y ) als) , () 2_() y 2(s7) __ Py(s') = Py(s") = e. The fact thats”’o € L(K) makes [(IB) true. One
() (Vo eXe1NEe2) soe L(G)\ K ANs"oc € L(G)\ K  may check that disjunctive coobservability bf, (K) indeed holds.

ANs€KNso € L(G)=soe€ L(G)\ K (13)

) , —
(i) (vo € chl_\ Se2) s'o € LG\ K o (@3) and [Ih), of disjunctive coobservabilty. a

ANs€ K Nso€L(G)=soeL(G)\K (14)  The reverse statement of Propositidn 2 need not be true. An
(i) (Vo € X2\ 2e1) 8”0 € L(G)\ K example is displayed in Figl 3, of a disjunctively coobsbtea

Ase K AsoeL(G)= so e L(G)\ K (15) language that is not relatively coobservable.

Remark 1. We note that in[[I2], “strong conjunctive” and

Disjunctive coobservability requires that for a sharedtaain “strong disjunctive” coobservability are studied, the esse
lable events in (i) above, the decision of disabling after being to choose strings from the ambient langudgg(G)
string s be ratified by both supervisors working through theiinstead of K. For that reason they are stronger than their
respective observation channels. This implies thawill be respective type of coobservability. Strong disjunctivebserv-
enabled if some supervisor decides to enable it, theref@ility is shown to be closed under set union (while strong
the name “disjunctive”. Disjunctive coobservability isfdrent conjunctive coobservability is not), but no finitely corgesrt
from conjunctive coobservability, and in general neithethe algorithm is given to compute the supremal element. Our
two versions implies the othelr][8]. relative coobservability may be shown to be stronger than

Disjunctive coobservability, together with controllatyl these strong versions of coobservability; neverthelesshad
and L,,(G)-closedness, of a languag€ is proved to be Present an algorithm that computes the supremal relatively
necessary and sufficient for the existence of two decemémli COObservable sublanguage of a given language.
supervisordgisjunctivelysynthesizingk™ [8]. Again, however, ~We also note in passing that since either conjunctive or dis-
it is not closed under set union, and consequently the sugiredtinctive coobservability is stronger than the mixed coobse
element need not exist in general. We show next that oaility [B], which is furthermore stronger than the conditial

relative coobservability is stronger than disjunctive leserv-  coobservability [9], our coobservability is stronger thaal
ability. versions of coobservability reported in the literature.

Proposition 2. If K € C'is C-coobservable, thed is als0 \ye tym now to prove that relative coobservability is weaker
disjunctively coobservable. than conormality (or strong decomposibility inl [6]). A lan-

Proof.Lets,s',s” € K C C, Pi(s) = Pi(s'), andPy(s) = guageK g L,,,(G) is conormalwith respect toG, P, P,
Py(s"). We show that condition (i), namelly (13), ofdisjunctivezcvl' Ve if

coobservability holds. Letr € $.1 N Y., s'oc € L(G) \ K, iy i =
s"0 € L(G)\ K, andso € L(G). We will show thatso € (P P(E)UE, P (K)) NL(G) = K. (16)

L(G) \ K. From [9) we know that Conormality may be overly restrictive because it requires t
. . o for each decentralized supervisore Z, only observable
(0 ¢ K=5so0¢ L(G)Vs ¢CVso¢K) (under P;), controllable events may be disabled. Relative
A$"0¢ K=s"0¢ L(G)Vs' ¢CVsoé¢K). coobservability, by contrast, does not impose this rdgri¢

— — — That relative coobservability (GE-fold relative observability) is stronger
We haves's ¢ K, s'oc € L(G), s’ € C; ands"o ¢ K, 5”0 €  than disjunctive coobservability (Propositigh 2) or cmitive coobservability
L(G), s € C. It follows thatso ¢ K. Sinceso € L(G), we (Propositior[ 1) can also be proved by noting that it is stesrtgan a property

73 called local observability [12]: local observability recps that for eachi € Z,
conclude thato & L(G) \ K. K be observable with respect #;, i.e. Z-fold observability, and is proved

The same reasoning proves conditions (ii) and (iii), namely be stronger than disjunctive and conjunctive coobséityab

4



Ve 20717 5 S Zo,2 IIl. SUPREMAL RELATIVELY COOBSERVABLE
o€ X1 MNYeo SUBLANGUAGE AND ALGORITHMS

First, we show that an arbitrary union of relatively coob-
servable languages is again relatively coobservable. 7L et
denote the set of decentralized supervisors, Bnthe natural
projection for each € Z.

ProposiHon 4. Let K, CC C L,,(G), o € A (some index
set), beC-coobservable. Theik' = [J{K, | a € A} is also
G K C-coobservable.

Ln(G) =C ={a,B,v,ac, Bo,v0)} Ln(K) = {a, 8,7} P_ro%f. 'I;) provl; tha_t[h( is U-coobsefrvable,hwe ShOV\Ii that
= K is C-observable with respect t&; for each: € Z. Let
L(G)=C={ea.0,7,00, 00,70} LK) = {¢,0, 5,7} i €7, 85 €%* P(s) = Py(s), 0 €X.4,s0 €K,s €
Fig. 4. L (K) is relatively coobservable but not conormal. A straightfard 9 ands'oc € L(G); it WiM)e shown thats’'c € K. Since
calculation shows tha(P;lpl(F) uP;PQ(F)) NL@) = 0(G) 2 K = Ugea Ka = Ugea Ka, there existsy € A such that
K; hence L,,(K) is not conormal. On the other hand, by noting that théo € K. SinceK, is C-coobservable, it is'-observable with
controllable event is removed after strings, 8, and, it is easily checked respect toP; for all j € Z. In particular, K, is C'-observable
that Lm(K_) is relatively observable with respect to both and P>, and with respect toP;, and thereby we derive thato e K_a
therefore is relatively coobservable. . - =
Finally s'o € J,c 4 Ko = K. O
In the proof to establish closure under union for relative
coobservability, it was essential that, (o € .A) being C-
i.e. control may be exercised by each decentralized sugmBVicoobservable means that, is C-observable with respect to
over its unobservable controllable events. all channelsP;, j € Z. This confirms the importance of using
A in (@) in the definition of relative coobservability.
Now let K € C C L,,(G). Whether or notK is C-
coobservable, write
Proof. Let s,¢",s” € ¥*, Pi(s) = Pi(s'), and Py(s) = I /e 7L
Py(s"). We show that[{Q)E(A1) all hold. First foF](9), let O, C): {f € K| Kis C-coobservablp — (17)
Ye1NYeo, s'c € K, s € C, andso € L(G); it will be shown for the family of C-coobservable sutianguagesh’t Note
thatso € K. Froms'c € K we have that the empty languag@ is trivially C-coobservable, thus
a member ofO(K,C). By Proposition[# we obtain that
O(K,C) has a unique supremal element 81, C') given

by

Proposition 3. If K C C'is conormal with respect téx, P,
Py, 3.1, X2, thenK is C-coobservable.

Pl(S/O') S Plf = Pl(S)Pl(O') S Plf
= S0 € Pl_lPlf , ,
= 50 POUP(R) U PP (E) supO(K,C) := | J{K' | K’ € O(K,C)}. (18
This is the supremal’-coobservable sublanguage &f. We

Henceso € (P7'P(K)UP;, 'P(K)) N L(G) = K by state these important facts abd@t/, C) in the following

N
conormality of K. Similarly, let s € K through P, we Theorem 1. Let K € C' C L,,(G). The setO(K,C) is
deriveso € K. - - nonempty, and contains the supremal elemen®©gup C) in
For (10), leto € .1\ X2, S0 € K, s € C, andss € (18).
L(G). By the same derivation as above, we get € K.

Finally for (@), leto € o0\ 5.4, s"0 € K, s € C, and Next we present an algorithm to compute &g, C). The

so € L(G). Again by the same derivation as above but throu iflea is to apply the aIgonthm in1], iteratively f(_)r eah(i €
- , to compute the respective supremal relatively obseevabl
P, we getso € K. - -
_ sublanguage. Ldi&, C, andK be finite-state generators (as in
The reverse statement of Propositidn 3 need not be true;m with marked languages,(G), C, and K, respectively.

example is displayed in Fig] 4. Algorithm 1:InputG, C, K, and P, : £* — %, i € T :=
Remark 2. A weak conormality concept was studied ir{l""’N}'
. SetK, := K.

[L1], which is proved to be weaker than conormality an
also preserved under set union. However no algorithm
given to compute the supremal element. Theriin [12], we
conormality is shown to be stronger than the “strong loc
observability”. The latter is the special case of our relei
coobservability with the largest possible ambient langua
C = L,(G), hence the strongest. Therefore we conclu
that relative coobservability is generally weaker than wea/

conormality. 3Here = means that the two generators are isomorgHic [5, Chapter 3].

Forj > 0, setK; ; := K.
kForz‘ > 1, apply the algorithm in[[1] with input§, K, ;,
ndP; to obtainK; ;11 such thatl,, (K, ;+1) is the supremal
C-observable sublanguage @f,,(K, ;) with respect toF;.
roceed untilK;  is computed, and set it to bK; ;. If
iﬂl = KjE then outputk ™ := K, ;. Otherwise, advance
to j + 1 and go to Step 2.



Algorithm 1 terminates in finite steps, because the algorith 4 O) " D 13 ©) " © 15 9

in [1] does so and removes states and/or transitions from the

finite-state generatoK. The complexity of Algorithm 1 is o O D © 3 @—>0)
exponential in the state size &f, inasmuch as the algorithm 21 23 20 25 22

in [T is of this complexity.
Theorem 2. The outpuK' of Algorithm 1 satisfie®,,, (K") =

sup? (K, C), the supremal’-coobservable sublanguage &f. @
Proof. First, it is guaranteed by Step 3 of Algorithm @ O 5@ 50 Zem 2

Fig. 5. Vehicle generator models

that L,,(K") is C-observable with respect t& for each {

i € I. Thus L,,(K") € O(K,C). It remains to prove ) @ 2o 6)—G)
that if K’ € O(K,C), then K’ C L,,(K"). To see this, .\.- "
consider induction on the iterations = 0,1,2,... (Step )—>(10

2) of Algorithm 1. SinceK’ € K = L, (K), we have

K' C L, (Kp). Suppose nowK’ C Lm(K_j)- Since K’ Fig. 6. Supremal conormal, controllable, ahg,(G)-closed sublanguage
is C-observable for allP;, no change will be made in the b o e

subsequent Step 3 by applying the algorithni’in [1]. Theesfor O—0—GB—n 2

15

K' C Lm(Kj+1), and eventuallyK’ C Lm(KT)_ O 13 10 21 12 12

= = 25
In practice we shall use Algorithm 1 as follows. Given O e Osras Parna T T@
@

a (specification) languag&l C L,,(G), check if K is B o 10 2
coobservable (polynomial algorithm available[16]). If see O @ Cn LN T
stop. Otherwise apply Algorithm 1 to obtain the supredal 2 _>£2 22 5
coobservable sublanguage/st Since relative coobservability 2z —nu 13

implies coobservability, the obtained supremal sublaggua Fig. 7. Supremal relatively coobservable, controllabied &, (G)-closed
also coobservable. sublanguage

Now let us bring in control. LeK C L,,(G) be a nonempty
specification language. Sinag-coobservability, controllabil- ©)—>1—*
ity, and L,,(G)-closedness are all closed under set union, '—/’\/i
there exists the supremal sublanguag&othat satisfies these @5~ @T e Ca e Ui

three properties. Denote this supremal sublanguagé<by a‘\/’(_v
. - . . . 21

by Propositior L (or Propositidd 25" is conjunctively (or 3 7 20

disjunctively) coobservable, controllable, afg,(G)-closed. %

Therefore, by[[6] (respl[]8]) there exist decentralizedesup

sors ConlunCt'Vely (resp. d'sjunCt'VeW) synthesmﬂ‘(@. Fig. 8. Decentralized supervisBTUP;. The unobservable controllable event

We present an algorithm to compufé’. Let G and K 13 is selflooped at those states where it is enabled.
be finite-state generators (as [d (1)) with marked languages
L.,(G) and K, respectively.

Algorithm 2:Input G, K, and P; : ¥* — 3%, i € . means of control.
1. SetK, = K.
2. Forj > 0, apply the algorithm in[17] with input& andK IV. GUIDEWAY
to obtainH; such thatL,,,(H;) is the supremal controllable We demonstrate relative coobservability and Algorithm 2
and L,,(G)-closed sublanguage df,,(K;). with a Guideway example, adapted from [5, Section 6.6].

3. Apply Algorithm 1 with inputsG, H;, H;, and P, : As displayed in Fig[15, two vehiclesy; and V., use the
¥ — X! (¢ € 7) to obtainK,; such thatL,,(K;;1) is Guideway simultaneously and travel from station A (state 0)
the supremalL (H,)-coobservable sublanguage 6f,(H;). to B (state 5). The track between the two stations consists of
If K;+1 = Kj, then outpuk T = K. Otherwise, advance 4 sections (states 1, 2, 3, 4). The plaatto be controlled
j toj+1 and go to Step 2. is the synchronous product (e.g! [3 = V1|[V2, and the
Algorithm 2 terminates in finite steps, inasmuch as bottontrol specification is to ensure thslt; and'V, never travel
algorithms used in Steps 2 and 3 do so and both remawethe same section of track simultaneously, i.e. enswrial
states and/or transitions from the finite-state genefdtofrhe exclusionof the state pairgj,j),j = 1,...,4. Let K be a
complexity of Algorithm 2 is exponential in the state size ofjenerator representing this specification.
K, because Algorithm 1 is of this complexity. We consider the following decentralized supervisory aaintr
Note that in applying Algorithm 1 in Step 3 above, the ambproblem. Suppose that there are two supervisors, with unob-
ent language successively shrinks to the supremal caaittell servable event subses,,; = {13}, .02 = {23}, and
sublanguagel (H;) computed at the immediately previousontrollable event subsets., = {11,13,23,15}, £.» =
Step 2. Using successively smaller ambient languages hefps, 13,23,25}. The unobservable subsels,,; define the
generate less restrictive controlled behavior by discardiny corresponding natural projectiod, i = 1,2, and the shared
strings outsideL (H;) that may be effectively prohibited by controllable events are 13, 23.



For comparison, we first compute the conormal, controlfg]
lable, and L,,(G)-closed sublanguage, represented by the
generator in FigJ6. Then applying Algorithm 2, we obtain thﬁO
generator in Figl]7, which represents the supremal relgtive
coobservable, controllable, ankl,,(G)-closed sublanguage.
Observe that the relatively coobservable controlled bigihav
is strictly more permissive than the conormal counterpale.
next construct as i [6] the corresponding two decentrdliz€2]
supervisorsSUP;, with ¥,,; andX.; (i = 1,2); SUP, is
displayed in FiglB an@UP;, is similar. [13]

We explain a representative case of the control logic of
SUP;. If SUP; observes thaWV2 arrives at track section 3 [14]
(i.e. after string 21.23.20), either it allowg1 to enter sec-
tion 1 (i.e. SUP; enables its private event 11), &2 is 1]
allowed bySUP, to move onto section 4 (i.&UP, enables
its private event 25). When the former occusdJP; must [16]
preventV1 from entering section 2 (i.eSUP; must disable
the unobservable event 13 at its state 8) because othervis
V1 can thereafter uncontrollably enter section 3 (event 10)
and violate mutual exclusion at section 3. Note that sin %]
event 13 is shared, in the above c&éP, must also disable
13. The above control action is not possible for conormality
since disabling unobservable events is not allowed. This is
why relative coobservability achieves strictly more pessiie
than conormality does.

(11]

V. CONCLUSIONS

We have studied the new concept of relative coobservability
in decentralized supervisory control of DES. We have proved
that relative coobservability is stronger than (any véwia of)
coobservability, weaker than conormality, and closed unde
set union. Moreover, we have presented an algorithm for
computing the supremal relatively coobservable (and obntr
lable, L,,(G)-closed) sublanguage of a given language, and
demonstrated the result with a Guideway example. In future
work, we aim to apply relative coobservability in decerizedl
control of large systems and follow the architectural appho

in [18].

REFERENCES

[1] K. Cai, R. Zhang, and W. M. Wonham, “Relative observapilof
discrete-event systems and its supremal sublangua$eEE Trans.
Autom. Contral vol. 60, no. 3, pp. 659-670, 2015.

[2] ——, “On relative observability of discrete-event sys®” in Proc.
52nd IEEE Conf. Decision and Contrdtlorence, Italy, 2013, pp. 7285—
7290.

[8] ——, “On relative observability of timed discrete-evesystems,” in
Proc. Workshop on Discrete-Event Syste@achan, France, 2014, pp.
208-213.

[4] ——, “On relative coobservability of discrete-event ®ms,” in Proc.
American Control ConferengeChicago, IL, 2015, pp. 371-376.

[5] W. M. Wonham, “Supervisory Control of Discrete-Event sgyms,”
Systems Control Group, ECE Dept, University of Toronto, ated July
1, 2015. Available online at http://www.control.tororedu/DES.

[6] K. Rudie and W. M. Wonham, “Think globally, act locallyedentralized
supervisory control,JEEE Trans. Autom. Contrplvol. 37, no. 11, pp.
1692-1708, 1992.

[7] R. Cieslak, C. Desclaux, A. S. Fawaz, and P. Varaiya, tvigory
control of discrete-event processes with partial obsemsf IEEE
Trans. Autom. Contrglvol. 33, no. 3, pp. 249-260, 1988.

[8] T. S. Yoo and S. Lafortune, “A general architecture forceletralized
supervisory control of discrete-event systenBiScrete Event Dynamic
Systemsvol. 12, no. 3, pp. 335-377, 2002.

——, “Decentralized supervisory control with conditmindecisions:
supervisor existencefEEE Trans. Autom. Controlol. 49, no. 11, pp.
1886-1904, 2004.

] S. Tripakis, “Undecidable problems of decentralizelds@rvation and

control on regular languagesififormation Processing Lettersol. 90,
no. 1, pp. 21-28, 2004.

S. Takai and T. Ushio, “A modified normality conditionrfdecentralized
supervisory control of discrete event systemAfitomatica vol. 38,
no. 1, pp. 185-189, 2002.

S. Takai, R. Kumar, and T. Ushio, “Characterization ofabservable
languages and formulas for their super/sublanguagksEE Trans.
Autom. Contral vol. 50, no. 4, pp. 434-447, 2005.

P. Kozak and W. M. Wonham, “Fully decentralized solagoof super-
visory control problems,|IEEE Trans. Autom. Contrplol. 40, no. 12,
pp. 2094-2097, 1995.

K. Rohloff and S. Lafortune, “On the synthesis of safetcol policies
in decentralized control of discrete-event systentSEE Trans. Autom.
Control, vol. 48, no. 6, pp. 1064-1068, 2003.

F. Lin and W. M. Wonham, “On observability of discreteeat systems,”
Inform. Sci, vol. 44, no. 3, pp. 173-198, 1988.

K. Rudie and J. C. Willems, “The computational compigof decen-
tralized discrete-event control problem$ZEE Trans. Autom. Contrpl
vol. 40, no. 7, pp. 1313-1319, 1995.

FW. M. Wonham and P. J. Ramadge, “On the supremal coabial

sublanguage of a given languag8fAM J. of Control and Optimization
vol. 25, no. 3, pp. 637-659, 1987.

L. Feng and W. M. Wonham, “Supervisory control architee for
discrete-event systemslEEE Trans. Autom. Contrplvol. 53, no. 6,
pp. 1449-1461, 2008.


https://www.researchgate.net/publication/301876548

	I Introduction
	II Relative Coobservability
	III Supremal Relatively Coobservable Sublanguage and Algorithms
	IV Guideway
	V Conclusions
	References

