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Decentralized supervisory control of continuous tined
discrete event systems
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Abstract—In this paper, we presented the decentralized constrained the time information of [19] to be et
supervisory control problem of discrete event systa with eligible time bounds; [21] has extended the model o
continuous-time variable. By presenting the definion of [20] and considered robust supervisory control
problem of uncertain DTDES; [22] has extended full
observation [16] to partial observation; and [23kh
solved robust supervisory control for partially
observed DTDES, which is an extension of [24].

In the manufacture cells and logical cells, it
always takes some time to operate and handle. In
supervi sors; Coobservability. general, the service time of the operation is carus
Manuscript Number: 1674-8042(2010)supp.-0057-05 Va”a.lble n an mteryal. Under the cwcumstances,
_ B continuous time and timed control are considered as
dio: 10.3969/}.issn1674-8042.2010.supp..15 new dimension of timed-DES in [25-26]. By using the
model, the state explosion can be reduced in
1 Introduction dicrete-time and continuous-time models. In thisgra

we have developed the model of [25-26] and

Discrete event systems (DES) are systems Whid{ntroduced the synthesis problem of decentralized

states are driven by events. Ramadge and WoHham supervispry control for timed-DES. To solve _the
[2] have studied the logical supervisory contradty synth_e_3|s problem, - a _hecessary and sufﬁ_uent
instantaneously. For distributed systems, such ondltlpn for the existence of decentralized
communication systems and manufacturing systemsj':'UperVISOrS has been presented.
decentralized supervisors are more suitable than a

centralized one. Decentralized supervisory corited .

been initiated in [3-7]. Recently, some issues of2 Supervisory control of DES

decentralized supervisory control, such as thee stat

coobservability for the timed specification, a necgsary and
sufficient condition for the existence of decentréed
supervisors is obtained. Finally, a numerical examp is
given.

Keywords— Discrete event systems; Decentralized

feedback problefi¥, general architectufd, In the model of [1-2], the plant to be controlled i
reliability™**? and  synthesis problem with modelled by an automatdd = (Q, Z, J, ¢ ), whereQ
communicatioH**® have been studied. is a countable state spageis a finite event sef is a

In the range of control problem, real time is more partial function fromQxZX to Q, andg,EQ is an initial
suitable than instantaneity. Supervisory control of state. Let>* denote the set of all finite strings @n
discrete timed DES (DTDES) has been studied byincluding the empty string. § can be generalized by
Brandin and Wonham, i.e. [16] has considered theq x 3*,Q. The language generated by the DES

time feature of [1] and introduced the event tiok t defined b\.(G) = {sE ¥ I d th t
represent ’tick of global clock’. Obviously, the 0? |an”e po)sﬂ;(ibl)e e{\fent lse(gayesrzge? LlZEaznf b; Ze

advantage of event tick incorporated into logic&lD language. We denote the set of all prefixes obsdn

lies in preserving logical feature, while the . i o
disadvantage lies that can cause state explosion. TK by preK). K is (pre_flxe_d_— )cloged K =pre{).
The event sek is divided into an uncontrollable

avoid state explosion, discrete timed DES has been
extended by other researchers, i.e. [17] and [&8Eh event set;u and a con.trollable event sek. A
introduced dense event and solved supervisory @ontr 12nguageK is controliable if pref)x, N L(G) < preK).
problem on the base of state space of timed déscretA control input is an event subsgtatisfyingx,< y
event systems. [19] has eliminated event time and=ZX. The set of control inputs is denoted by A
incorporated time information in the state; [20]sha supervisor is an enable mapL(G)—/". Formally, the
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language generated by the supervised sydtéf, Definition 2: A timed languageK is said to be
denoted by (f /G) *%, is defined as follows. Gi-controllabl&® if the following conditions are

® <L (f/G), wheres is the empty string. satisfied.

® (VseL(f IG)(cEX)ssEL(f IG)&ssEL(G) ® trace-control: pré{)=,NL(Gy) < preK)

No€ET (). ® time-control: For anysCpreK) and o,
For a nonempty and closed languadesthere Triet) (aIS) E Tk (afs) holds.

exists a supervisors f f@ such that ( f /G)= K if and A supervisorscis defined as an ordered pao=
only if K is controllable. (f, ), wheref:L(G)—I"is a logical supervisor which is

Let X, be the set of observable events. An the sets of enable logical events andG)*xz—Q is a
observable function is a nature project®n X — X, timed supervisor which is the enable time-interAl

which is satisfied with  P(e)=e,  logical events such tha,=f (s) andtofli(s, o) for
o) =17 U, andP(ss)=P(9)P(s) for anys anysITL(G,) ando1x,, whereQ = {[Ry, R)[Ri< Re
& otherwise ROR", R,OR'} is the set of time intervals. The

closed-loop system undscis denoted bgdG..
Definition 3: The timed languagdL(sdG,)®?®
Sgenerated bgdG; is defined as follows:
® AITL(sdGy), where £ is the empty timed
string.
®  S(Ot,)UTL(sdGy) < (gt )UTL(GY),
sOTL(sdGy), (ato)dsds).
Theorem 1 If K is a closed timed language, there
exists a supervis®c=(f, I) such thaflTL(sdG; )=K if
and only ifK is Gi-controllable?®.
. Let P X—X, be the observed function, where
3 Supervisory  control Of 5 is the timed events set amy, is the observable
continuous timed-DES timed event set which consists of observable event
and its service time. For the projectiBp we suppose
Continuous timed-DES is modelled by an P (g)= P((o ) = (ot,) if(ot,)0Z,
automatorGe= (Q, =y, d, o ) in [26], whereX is the (&=¢  R(o1,))= c otherwise
set of timed events, and]:Q x X; — Q is a partial ] ) ]
function, e.g. §; t,) is fired in t time if logical event Pt(s_(a't”)):Pt(S)Pt((a’t”))' A partial supferwsor IS
ois enable. LeE* be the set of all finite timed strings defined as an ordered paw=(f, 1), wheref:P(L(Gy)
. . . . — I' and I:P(TL(G))x2—Q, such thatz,Sf(P«(9))
of elements in%; including the empty string. The
function é; can be generalized #.Q x X*—Q in the andthI_(ID_t(s), u). for an_ysDTL(Gt) andaDZu_. .
? o . Definition 4: For timed languages, K is said to
natural way. The timed eve® can be divided into el | )
controllable event seéi, and uncontrollable event set P& observabie™ if s(a,t(,-),Dpre«), s(atxUTL(GY)
Y. To describe the relations between logical eventand Py(9)=Py(s) imply s(oty)Opre) for any
and timed event, we make the following assumption i s,sOpreK) and @;t,)0X; .

EX" andsEX. A partial supervisor which enables
and disables any of the controllable events thrdtggh
observation of the sequence of events as it i
generated by is a magf : P (L(G))— I. A language

K is said to be observableR{s)=P(s’), s'z[L(G) and
sol] K imply s'sU0K for anys, sTK ands[1X.. For a
nonempty and closed languagis there exists a
partial supervisor§for G such that(f /G) = K if and
only if K is controllable and observable.

and

[26]: Theorem 2 For closed timed languag&s there
1) For any timed controllable eveny;(t,), exists a partial supervisec=(f, 1) such thafTL(sdGy)

logical eventois controllable. = K if and only if K is Ggcontrollable and
2) For any timed uncontrollable event; (),  observablé® (controllable and observable).

logical eventois uncontrollable.

From the assumption, we have, {,) UX.& o]
Y.and g, ty) X~ oy, .

Let TL(Gy) be the timed language generateddy  {sG }icin such thatTL({sT;}iDI /Q) = K if and only
that is TL(Gy)= {900, 9)!, SO=*}, wheres is a "

Theorem 3 For closed timed languagek,
there exists decentralized timed local supervisors

timed string. The traces alL(G,) is defined a4 (G;)= if K is Gi-controllable and observable whea?; is
tr(TL(Gy), wheretr(:) is the function of logical trace the global extension .
sets for timed language. Proof (Only if)lt is assumed that there exists

Definition %6 A timed language is said to be  decentralized local supervisoss; and sc such that
(prefix-)closed®® if pre(K)=K. j

Let Tu(A19={[tior tuo )IS(Gillio tuo )T pre)} be TL({QMH/ Q) = K
the set of service time of following the strings
under the restriction df.
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(trace-controllable) SincK is closed, we have
pretr(K))=tr(K). For anys;[1tr(K) and o1%, such that
$00L(G; ), there existssUK and todTrygy(ars)
such thats0tr(K) and s(oty)dTL(Gy). It follows

fromTL({?q}iDln/Q)= K that s TL({sT;}iDln/c-;-).

If (g t)02 /A 2 we have ol fi(Pu(s) A
fa(P(s)) and tofly(Pu(s),0) A 12(Pe(s),0).  So,
(atm)Osa(s)/\se(s) holds , and thendty)sg (9)

A sG, (9). If (0,t0)0 2 = = up, We have §t,)0sc(s)
A i(s) by the above proof and the definition of
SG . S0, Oty)0sG (/A sc, (s) holds. If Citn)I= 2
- 4, similarly, we haved, to)dsq (A sc, (9). If
(o, o) OZ =2 ;uN = p, similarly, we have d,
to)d sg () /\ sc, (S). By the definition of

s, /o) (0o

TL({ST;}H"/Q) = K. So,s,00tr(K) holds.

(time-controllable)For anyOK and of1Zu, we
need to shoW+gy(ars) < Tk(drs).

If Triey(als)= @, we have Trgy(as)
TK(a/s).

If Tryey(als)# @, we haves(ait,)UTL(G) for any
toTrey(ars). From the above proof and1X ,, we

have @it)0 sG(P(9) . It follows from s OK =

.,/ v, /9

So, we havetoITk(adls). Therefore, Trygy(ars)
Tk(dls) holds.

we have

=K.
-

Case 2 If there existot,)1Xp-Zcn Such that
Pu(sz) =Pe(t), s2(ato)UpreK) andi(at)UTL(Gy), we
havetlIK by the proof of case 1.

Case 3 If there existoif,)0Z.n N X such that

Pu(s1)=Pu(t), Pra(S2)=Pr(t), si(ats)UpreK),
s(otyOpreK) andt(ot,)OTL(Gy), we need to show

t(at,)UK. By the formulaTL({?q}iDIn/Q): K, we
(=, /¢
stotn (e} /)

&DTL({ST;}MH/Q) and SQDTL({?Q}iDIH/Q), we

have Et)0sG(R(9) and Git)sG(R(9). It is
obvious that ¢it;)dsq(R,(9) A sc(P,(9) by the

have and

si(aity)0

Since

formulas Pu(s)=Pu(t) and Pyp(s)=Pp(t). Since
0] TL({sT;}_DI /c—;,) and tOTL(G), we have

t(atU)DTL({?q}iDIH/Q) = K.

So, K is coobservable from the definition of
coobservability.
(I Assuming thatK is closed,Gs-controllable

and coobservable timed language, we need to prove

there exists decentralized supervisoss(Pi(s))}icin
such thatTL({?q}iDln/Q) =K. For anysOTL(Gy), we

construct
follows.

fi(R(9) =2, D{oD% |UsU K P($= R 3,
tr(s)oOpre(tr K ))}

supervisors as

(coobservable timed languages) To show timed L(P(s),0)={t|o0Z }(t| cO5, 0$0OK

languageK is coobservable, we need to consider the

following cases for any s, s, tOK=
TL({sT;}iDI /Q)
Case 1 If there existot,)0Zu-Xcp such that

Pu(sy) =Pu(t), si(oit)OK andt(o;t,)OTL(Gy), we need
to showt(ot,)UK. By the formula(oity) X p, we

have Ot)0Z U (Z—Zp). S0, Git)0se(R,(9)
holds. Since dit)0 = o, s(otm))UK =

TL({ST;}M"/Q) and&DTL({?q}iDIn/Q), we have

(Gt sG(R(9) . From Py(s) =Py(t), we have
(G0 sG(R(9) . Sincet(ot,)ITL(G)

and tO TL({ST;}HH/Q) ., we have

tDTL({?q}iDln/Q) =K.

R(9=R(9), 10T/ 9}
Using the length oftr(s), we can show

TL({?q}iDIH/Q)= K by the methods of mathematics
induction. It is obviously thate [ TL({ST;}HH/Q)

N K. Assuming tha!sDTL({sT;}_DI /Q) NK, we need

to prove s(oty)0 TL({ST’:}M /Q) = 9oty )UK for
any (Oty)0 2.

(We prove TL({ST;}M"/G)
(o)l TL({ST;}HH/Q) . It is obvious that

oty OTL(GY) from TL({sT;}_DI / Q) CTLG). So,
tr(s)oJL(Gy) andto Ty gy(ars) hold. If (oty)d X,

c K.) Take
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we have tr(s)odtr(K) and t,0Tk(a’s) from the
trace-controllability and time-controllability oK.
Therefore, (gt )UK holds. If o = , we have

(ot)0sG(R(9) from SDTL({ST;}M /Q) for any

i0l, Since X =2 4y U X ., we consider the
following three cases.

Case 1 If gty)0Z u-2¢p, there existss[IK
such that Pu(s))=Pu(s) and toTk(d's;)) by the
formula (o;t,)O i( R(9) . So, si(at,)UK holds.

Since (gt )OTL(G), we haves(oty)K from the
definition of coobservability.

Case 2 |If Gty)0Z p- =y, Similarly, we have
S(a;t;) UK from the proof of case 1.

Case 3 If gt uN X p, there existss,,
UK such  that Py(s)=Pu(s), Pu(s1)=Pr(s) and
todTk(as)) N Tk(ds) by the formula
(G0 SG(R(3) A SG(R,(3). So, si(Gt)IK and

s(otl)UK. Sinces(at)TL(Gy), we haves(oit)K
by the definition of coobservability.

So, TL({?q}mn/Q) CK holds.

(We prove K< TL({ST;}M"/Q) .) Take s(at,)

OK. If (gtl)0Z juN X p, it is obvious thato
Ofy(Pu(s)) A f2(Pra(s)) and totlly(Pu(s)) A 12(Pe(s)),
and then &t)0sc(Pu(s) Ase(Pp(s). If (gtl)0Z

w-Zue, We have Gtl)0sa(Pu(s) A sG(Ry,(9) by
the above proof and definition 0@ f(otn)0d X jp-
>, we have €to)0 sG(P(9) A se(Pu(9). If
(G0 wu=Eua N e, We have §it)0sg(R(9)
A 'sG(R,(9) by the definitions ofsg and sc, . By

the formulassDTL({sT;}_DI /Q) and sLKCS TL(Gy),

we haves(a,tg)DTL({SA(;}iDI /Q) If (gty)dZ, we

consider the following three cases.

Case 1 If gt)0=Zcu— 2 cp, We have §t,)00 =
aw N (2 U (X2~ X yp) It is obvious
(atx)0sc(R,(9). SincesIK and s(ait,)0K, there
existss;[IK such thats(git,))OK and Py(s) = Pu(sy)
by the definition of coobservability. St Tk(dl's),
tr(s)odtr(K) and Py(s) =Pu(sy) hold. By the
construction of sg, we have of;(Pu(s) and
totl1(Pu(s),0). So, @ity)Usa(Pu(s)), and then
(ot Osg(Pu(s)). By the formulas s

DTL({?Q}U /Q) and s(git )UKE TL(Gy), we have

s(atQDTL({?q}iDIH/Q) .

Case 2 If gtp) = o~ 2 cu, We haves(oity)

DTL({ST;}iDI /Q) from the proof of case 1.

Case 3 If Gty)0XZ yuN =, there exists;, S
OK such that Pu(s) = Pu(s), Pu(s) =Pu(s),
si(ot) 0K andsy)(ot)0K by the assumption afdK
and s(gt,)0K. So, we havetr(s,)otltr(K), tr(s)o
Otr(K), todTk(dls)) and toldTk(ols,). By the
construction ofsg and sg, we have ofify(Py(9)),
of(P(s)), totlli(Pu(s)) and totllx(Pe(s). So,
(gtx)dsc(Pu(s) A se(Pw(9), and then

(0to)0sG(P(9) A sc(R,(9). By the definition of

TL({?q}iDIH/Q) . we hav&(atQDTL({?q}iDIH/Q).

Therefore K< TL({?q}iDI /Q) holds.

Example 1 A continuous Timed-DESG;
considered is shown in Figure 1, where timed event
set 2 ={(a,[3,8)), (4,2, 7)), (v, [3,5)), (4, [0,
5))} and controllable timed event seE = Z ..
Obviously, X, = {a,8,v,u}. Let n = 2. The
observed functionP,; and Py, is presented by the
projectionsPy;: ~— X ; andPy: X — Z,. In the local
systems, we supposZy == = {( a, [3, 5)), (5,
[2,5)), (v, [3,5))} and X =2 ¢p ={( @, [4, 8)), (4,
[2, 7)), (#, [0, 5))}. Obviously, we have> 4={ a,
B, viand 2y4={a, B, u}

(a,15,8) B, 12,7)

(a, [3,5)) (B, [3,4)

Fig 1: Timed-DES5;

(a,[3,35)

(B, 13, 4)
Fig 2:Timed Languagk

For timed systent, we haveTL(Gy) =pre([((«,
[5,8)) + (v, [0, ))(a, [3,5) + (B, [2, 7)) + (»,
[0, 5))( 5, [3, 4)) by Figure 1. LeK =pre([(v, [2,
5)(a, [3, 3.5) + (¢, [0, 5)(5, [3, 4))) be the
timed specification shown in Figure 2. By the
definition of closeness, Gi-controllability and
coobservability, we can showK is closed,
Gt-controllable and co-observable. So, there exists
decentralized supervisorsd,sG} such that
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11(Pu(s), a) = [3, 3.5),1x(Pu(s), #) = [3, 4) and

TL({?Q}iq1,2}/ C'?‘) =K, where §a.se} can L(PLLE), ¥)=[2, 5).

constructed followed the above proof. If Pu(s) = TL(Gw) —pre([(v, [3, 5))(a, [3, 3.5)) +
By the observed functions, we have the |0C&|(13, [3, 4)(8, [3, O)), sc(Pu(9) = 2.
systemsGy; and Gy, shown in Figure 3 and Figure 4. SG:
For all SOTL(Gy), we can construct decentralized local |t p(s) = [(( 8, [3, 4)) +(«, [0, B))(5, [3, ),
supi::v.lsors $¢,5G} as follows. B(Pu(9) = { @, u), 1,(Pu(s), @) =[3, 3.5) and
1.

I2(Pe(s), #) =10, 5).

If Po(s) = [((#£, [3, 4)) +(«, [0, 5))(B, [3, AT
(B, [3, 4)), faPAs)) ={ @, #}, 1(Pe(s), @) =[3,
3.5) and(Py(s), #) =10, 5).

If Puo(s) = [((#, [3, 4)) +(«, [0, 5)(B, [3, AT
. 2.5) (#, [0, 5))), f(P(s)) = { A} and 1(Py(s), #) = [3,

4).

If Ptl(s) = [( v, [3! 5))(01 [31 35)) +(16)1 [31
4))(161 [31 4))r, fl(Ptl(S)) ={ a, ﬂ! }/}, |1(Pt1(s)1 a)
=3, 3.5),11(Pu(s), B) =3, 4) andy(Pu(s), v)=1[2,
5).

If Pe(s) = TL(Gr) —pre( [((#, [3, 4)) + («, [0,
SM(B, [3, ), s&(Pels) = 2.

Remark 1. If the service time of any event is
Fig 3: Observed Timed-DESy discrete, definition 5 and theorem 3 hold.

Remark 2: If the service time of any event is 0,
definition 5 is the coobservable language of [74 an

@ 59 @ theorem 3 can be got from [7].
w09 5 Conclusions
In this paper, decentralized supervisory control of
@, [45) B3 discrete event system with continuous service igne
considered. With the continuous time feature
Fig 4: Observed Timed-DEG;, incorporated into DES, timed-DES  with

continuous-time variable is suitable to model. To

If Pa(s) = [(¥, [3, 5)(a, [3, 3.5) +(, [3, solve synthesis problem of distributed systems,

) B, [3, (v, [3, 5), fi(Pu(s) = { @} and dece.ntralized supervisory control for timed-DES is

11(Pu(9), @) =3, 3.5). considered.
If Pu(s) = [(v, [3, 5))(a, [3, 3.5)) +(&, [3,
)8, [3, (A, [3, 4), fu(Pu(s) ={ @, £, v}

( Continued on P.81)
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The main work of realizing configuration is to model establishing of controlled object and the
establish level control objects and make animatingparameter tuning of PID. The use of configuration
display scenes. Controlled objects include inlgttin software extends the communication function.
water flow, exporting water flow and the numerical Through experimental testing, the control curve'’s
object of the boiler level. When animation connatti overshoot is small and the transition time is shawt
is established, the basic graphic elements andhe control effect is quite ideal. This device lgein
animation component library are called in the userreliable and intuitive is suitable for scientifiesearch
window to construct configuration diagram. Graphic and teaching, and has important application vatue i
objects and data objects defined by the stateedrins the actual industrial production.
the state of the corresponding attribute and amimat
connection is defined. Having finished the desidgn o
the developing system, you can switch to run mode t References
carry on the real-time monitoring to the control

system and test configuration. [1]Deng Li, ControlLogix system manuals, Beijing: mechanical
industry press, 2008.1, pp.1-50
6 Conclusions [2] Shanghai new otto industrial Co., LTD, EFAT/P qaes

control experiment device experimental instruction, Shanghai
) ) . new otto industrial Co., LTD, 2006.12, pp. 37-45
This paper has introduced the composition and[3]Rockwell Automation, RSView32,

running of EFPT process control system based orwww.rockwellautomation.com, 2007
ControlLogix5550 PLC control, the mathematical

(From P.61)
decentralized supervisory controlEEE T. Autom. Contr.
37:1692-1708

References [8] S. Takai, S. Kodama, T. Ushio, 1994, Decentralized state
feedback control of discrete event systeBigstems & Control

[1] P. J. Ramadge, W.M.Wonham, 1987, Supervisory coofrol |etters 22:369-375

a class of discrete event processai$\M Journal on Control [9] S. Takai, T. Ushio, S. Kodama, 1995, The infimal

and Optimization25:206-230 controllable and N-observable superpredicate of a given

[2] W. M. Wonham, P. J. Ramadge, 1987, On the supremalpredicate)EEE T Automat. Contr40(7):1249-1253

controllable sublanguage of a given languagd#M Journal  [10] T. S. Yoo, S. Lasfortune, 2002, A general architectare f

on Control and Optimizatiqr5:637-659 N decentralized supervisory control of discrete-event systems,
[3] F. Lin, W. M. Wonham, 1988, On observability of Discrete Event Dynamic Systems: Theory and Apjdicgt
discrete-event systemisiformation Science#l4: 173-198 12:335-377

/

[4] P. Kozek, W. M. Wonham, 1995, Fully decentralized 11 S. Takai, T. Ushio, 2000, Reliable =decentralized
solutions of supervisory control ProbleniEEE T. Automat, ~ SUPervisory control of discrete event systefB&E T. Systems,
Contr, 40(12):2094-2097 Man, and Cybernetics-Part B: Cyberneti@9(5):661-667

[5] F. Lin and W. M. Wonham, 1988, Decentralized supervisory [12] s. _Takai, T . Ushio, 2.000’ Synthesis of reliable
control of discrete event systemsnformation Sciences decentralized supervisors for discrete event syst€sh€E T.
44:199-224 FundamentalsE83-A(11):2212- 2218

[6] R.Cieslak, C.Desclaux, A. S. Fawaz, P.Varaiya, 1988, (13] S. L. Rli(cker,l g R.udie,d1997, IK“%W dmeans no:
Supervisory control of descrete-event processes with pariafcorPorating - knowledge into decentralized  discrete-event

observationslEEE T. Autom. Contr. 33:249-260 control,Proc.1997 American Control Conf.
[7] K. Rudie, W. M. Wonham, 1992, Think globally,act#ly:



	jmsi2010-s1-57.pdf
	2.Cont.&Robot 44.pdf



