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Abstract—In this paper, we propose a supervisory control and the status of travel requests has never been formally
approach, based on controlled automata concepts, to the plaing  characterized and explored. In other words, a basic rdsearc
for online service-operations control of a new class of Passger problem in passenger service-operations lies indpen loop

Land-Transport Systems (PLanTS’s). A PLanTS belongs to - . . .
a class of dynamic demand-responsive transportation systes. nature of the information process flow in these transpanati

Rapid advances in information and communication technolo- SYystems.

gies are providing a new infrastructural and communicatiors With rapid advances in information and communication
_basis upon which higher levels of automation, f|(—?‘Xibi|ity ad  technologies, such as Internet Technology [3], [4], Gephia
'meglr)at'on h'ﬂ ths dBthe'tOpmerT.t of ?ﬁ"h trampor?ﬂ"” tsk;]/sems Ipformation Systems GIS [5], [6], Global Positioning Syste
can be achieved. But to achieve these necessitates the use . )

more formal approaches for system planning and design. The PS [7_]’ [8] and Intelligent Transp_orta_ltlon Systems ITS, [9]
supervisory control theory of Ramadge and Wonham offers one & New infrastructural and communications basis has emerged
such methodology that presents the design for service-opations upon whichthe information loop can be closed potentially
control as a formal synthesis of a modular supervisory contller.  achieve higher levels of automation, flexibility and intetipn
Importantly, the design solution is guaranteed to satisfy he y4yards the development of new transportation systems. But

given behavioral specifications in some optimal fashion, whout . . .
blocking the completion of certain defined ‘mandatory’ tasks. to achieve these necessitates the use of appropriate formal

The supervisory design methodology is presented and illustted approacheg for system planning and design_. In particular,
in detail via what in our opinion is a simplified but realistic an alternative but complementary framework is needed that

PLanTS model. A structural property of the PLanTS model is views a fleet of service vehicles and travellers uniformly
used to analytically establish thenonblocking property of the 5q behaviour-baseccomponents, subject to various logical

modular supervisory controller designed. All automaton malels traints to b t und | | . hat
for the PLanTS and the behavioral specifications consideredre constraints to bé met under close-loop supervision, or wha

provided, together with the automata design of the correspoding W€ Call_service-operations_ control _ _ _
modular supervisor. In this paper, we consider online service-operations con-

Index Terms— Automata, Discrete-Event Systems, Supervisory trol of a class of Pf’alssengerLand-Trans_port Systems_
ControL Passenger Land_Transport’ Ser\/ice_Opera’[ionS (PLanTS,S). A PLanTS IS a SyStem that receives and services
geographically-distributed travel requests, not kn@aypriori,
that demand immediate (i.e., ‘as-soon-as-possible’)icerit

. belongs to a class of dynamic demand-responsive transporta
Passenger land-transportation systems are concerned iR systems [10]. In an attempt to model and understand

transporting travellers from their source locations toirthey,e dynamics of discrete information flow in the service-
destination locations in a fleet of carrier vehicles, subjec operations control of @PLanTS, we address the service-
various qualitative and quantitative constraints. ThesB- ¢ gperations control problem using the controlled automata
straints characterize the environmental traffic condgiom concepts and techniques of supervisory control for a cléss o
which the services of transportation are carried out, a$ W%gical discrete-event systems [11], [12], [13], [14], ]15

as the operating conditions, limitations and preferenééb® e model the service-operations ifPaanTS as a discrete-
yeh|cle fleet operators and travellers. Taxi service mamage oy ent system (DES) of interacting processes to be supérvise
is an example of such a system. These systems are, howeyepontrolled. DES's represent dynamic systems that evialve
open loopin that the logical feedback-control to react to andccordance to some abrupt and asynchronous occurrence of
interleave the occurrences of incidents (eg. vehicle liteak oyents. Such systems are encountered in a variety of many
and admission of a travel request) in some desired mannergiger fields, for example, in computer and communication
apparently absent, implicit or at best done by wayadfhoc petworks [16], [17], manufacturing [18], [19] and task<év
human intervention. Traditionally, the techniques avdé#or gpotics [20].

these systems, such as those surveyed in [1], [2], delosé T the best of our knowledge, our work represents a first
the loop for they only determine the assignment of travellersgort to apply control-theoretic ideas of supervisory toh

to the fleet vehicles and construct the corresponding ve&tiiclig this class of transport service-operations problems Th
service schedules or route plans. The automatic feed backy@hroach is based on information feedback on the occurrence

dynamically changing logical conditions needed to updaée tof events (see Fig. 1). Accordingly, the approach centres
online information such as the availability of fleet-veb®l 5round three related elements, namely,

K.T. Seow is with the Division of Computing Systems, SchoblGom- 1) the models of the system (as discrete-event systems
puter Engineering, Nanyang Technological University, it#js of Singapore DES'’s) to be controlled,
639798.askt seow@t u. edu. sg _ 2) the models of the control objectives (also called behav-
M. Pasquier is with the Division of Computer Science, SchablCom- . e . .
puter Engineering, Nanyang Technological University, R#ie of Singapore ioral Spe(_:|f|cat|0n5) to be satisfied, anq
639798.asnmbpasqui er @t u. edu. sg 3) a supervisory controller to be synthesized.

I. INTRODUCTION



Event controls service-orientedmodel for a general transportation system
exists [24] which conceptually specifies three submodels of
Supervisory Discrete-Event demand supplyand demand-supplynteractions. Our starting
Control System point is based on this conceptual model but seen from a
supervisory control perspective. Together with a genenal u
derstanding of the conventional but related problems ofcleh
P assignment and route planning (and the variations thereof)
~ [1], [2], [10], we abstract and fix, in Section 1V, what in our
Feedback of event occurrence opinion is a simplified but realistic DES model foPaanTS.
The DES model incorporates the behavioral components of
service demand by travellers and service supply by a fleet of
vehicles. Importantly, th®LanTS model provides a basis on
which various interesting behavioral specifications oéiast
representing the desired demand-supply interactions ean b
formulated, lending a unique opportunity to demonstrate th
/ \ applicability of modular supervisory control theory to ghi
DISCRETE-EVENT problem. In our analysis, in Section IV-C.1, of a property
SYSTEM that the PLanTS model has, we have also been able to
infer some structural insights on a general DES model design
Fig. 2. The Logical Control Framework which guarantees the nonblocking property in a supervisory
controller that exists. These constitute the main contioins
These are graphically depicted in Fig. 2. The proposed this paper.
methodology admits the design for service-operationsrobnt There has been some prior work on applying the supervisory
as an automata-based synthesis of a modular supervisesytrol theory in different areas of intelligent transgadidn.
controller for thePLanTS. Other techniques such as PetrFor instance, Spathopoulos and de Ridder [25] consider the
nets [21], [22] and communicating sequential processel [A3ES modelling and distributed supervisory control of a sub-
may be exploited, but the proposed methodology offers they system. Yoo et al [26] design and verify a supervisory
following important advantages over these approaches:  controller for a high-speed train. However, these pastarese

1) the supervisory controller is correct by automatic coftas restricted itself to the supervision of a physical systach
struction, such that the resulting controlled system do@§ @ train or subway system modelled as a DES. As opposed
not contradict the behavioral specifications, and is nof? @ physical oriented model, the research herein attempts
blocking; and to characterize, understand and supervise a service edient

2) the controlled system is optimal (eninimally restric- model for a demand-responsive transportation system.
tive) within the behavioral specifications, such that all There has also been a lot of prior work done which is
events whose occurrences do not eventually contrad@plicable to intelligent transportation. For instanae,the
the specifications are allowed to occur. survey papers [1], [2], [10], [27] that include those cited

In other words, the design solution is guaranteed to satisﬁ?rge:’ al%onthrﬂs bagedlon heurlstlgs, tﬁbu search,tnsb
given behavioral specifications (eg., vehicle seat-capauiist odel and mathematical programming have reportedly been

not be exceeded) in some optimal fashion, without blocki veloped for the related problems of v_ehicle assignment
the completion of certain defined ‘mandatory’ tasks such d mltj_te plaﬂ_nllng. H(_)wever,tthesg algi)rlthlms ?Le ta|m§d_at
emptyingthe service-queue. A formal and conceptually riceherating venicle assignments an “:.Ltj EtJ' P ansf at agatimi
control synthesis softwai@TCT [11] is now freely available (e, .fr.nlnl_mlze or E]axmlze) somguant Zlvep;.erforme_mce |
to support the automatic synthesis of supervisory comrall specifications such as some cost or benefit functions. In
Using CTCT, a DES model, behavioral specification anﬁzontrast, the service-operations control problem addtess
supervisory controller are represented by finite stateraata . eremnis almeclj a:jrtegulatlngt] tthe ﬂQW of se(rjwce-retlategw;;e
that allow qualitative information such as themission of a In_passenger fand-transportation in accordance 10 g a

travel requestand theassignment of a request to an availablép.ec.'f'cat'ons’ and is thus related but incomparable witseh
Xisting efforts.

vehicleto be treated in a uniform way as events which are trfe . . .
state transitions in the automata. The rest of the paper is organized as follows: Section
In automating service-operations for passenger IanIéi_rewews the formulation and concepts of the supervisory
transportation, it is not exactly clear what constitutes BSD control theory that are releva_nt to our research. Section |l
model for a PLanTS. Strictly speaking, no known prior presents the supervisory design methodology to address the
' supervisory control problem in transport service-operati

and related work on service-operations control of a dema Sction IV illustrates the design methodology via a i P
responsive transportation system has been formally dome fr o et
P P Y y blét realisticPLanTS. All automaton models for thPLanTS

which a suitable DES model can be abstracted. However,are provided, together with the automata design of a modular

ICTCT design software can be downloaded from Websit@uperv.iSOr that ensures_proper Se.r_ViC?'opera.tionS a’ug)r.d
http://www.control.toronto.edu/people/profs/iwonhamnham. html to a given set of behavioral specifications. Finally, Sectio

Fig. 1. Supervisory Control of DES
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V presents the conclusions and points to some future work.3) Language CharacterizationsThe setX>* contains all
Preliminary versions of the research work appeared in [2§]pssible finite sequences, or strings, adeplus the null string

[29]. e. The definition of§ can be extended ta* as follows:
Il. REVIEW OF SUPERVISORYCONTROL THEORY oe,9) =14,
The control theory for discrete-event systems (DES) con- (Vo € X)(Vs € X¥),0(s0,q) = 6(0,0(s,q))-

sidered in our work is based on controlled automata conce
The essential concepts and results reviewed are taken f
[11] and can also be found in [13], [14], [15].

pfﬁe behaviour may then be described by two languabes.),
gl prefix-closed language generated by automatgrand
L,,(A), the language marked by automatdnMore formally,

A. Discrete-Event Behaviour L(A) ={s € X*:4(s,qo) is defined}

1) Automaton Model:The behaviour of DES, such as (the Lin(A)={se€ L(A):d(s,q) € Qm}
service-operations of) ®LanTS, and behavioral specifica- o ] . )
tions, can be modelled by finite state automata [30] at sor¥ definition, L, (A) C L(A) is the subset of strings ih(A)

appropriate level of abstraction. An automaton is a fivdeupWhich end in any of the states i,,, and is a distinguished
ot subset - if automatoA represents a DES, thep,, is meant
e

A= (2,0,0,Qm,q) to represent completed ‘tasks’ (or sequences of tasksjedarr
out by the physical process that the modelis intended
to represent [13]. If automatoA represents (or models) a
behavioral specificatiod, then K = L,,(A), the behaviour

in which
1) ¥ denotes a finite set of transitions or event labels,
2) @ denotes a finite set of states, of interest

3) 0:% x Q@ s astate transition function, _ . An automatonA is said to be trim if it is accessible (i.e.,

4) Qm denotes a flplte set of marked states (states |nd|cg(7€ry statey € Q is reachable inA) and co-accessible (i.e.,
ing the completion of t_he tasks or sequences of ta55§ery stateg € Q is co-reachable inA). A stateq € Q
from a control perspective), and is reachable inA if there exists a strings € ¥* such that

5) g € Q denotes the initial state. . ~ 8(w,q0) = ¢; and co-reachable in if there exists a string
Finite state automata are naturally described by directeg-c »* such thaw(w, ¢) € Q.. Note that if automatom is

transition graphs. In order to represent the automafora rjm, thenL(A) = L,,(A), i.e., every string inL(A) can be
stateq € () is identified by a node (represented #yof the completed to a string i, (A).

graph whose edges are labelled by transition labels X
(represented by -7+ e. The initial stategy € Q is labelled
with an entering arrow—e, while a marked state,, € Q,,
is labelled with an exiting arrow—. Whengy € Q is also a  As formally described in Section II-A, a DES (or plai@)

B. Control Formulation and Concepts

marked state, it is labelled with a double arrevs. can be modelled by an automaton:
2) DES as Composition of Automat&onsider an automa- G df o
ton G modelling (the behaviour of) a DES. A DES model = (@%,0,40, Q).

G is usually modelled as a system of several interactin@ establish the control framework, the event Seis par-

processes, each modelled by an automatgn To compose titioned into disjoint sets otontrollable eventsy.. and un-

several automat#x; to obtain the global automato@, the controllable eventsy,. Controllable events can be prevented

idea ofsynchronougroduct of automata taken from [23], [11](i.e., ‘disabled’) or allowed (i.e, ‘enabled’) by contralhile

is utilized. uncontrollableevents cannot be disabled by control and are
G=G1| Gz ]Gy deemed permanently enabled. The basic problem [13], [15] in

gppervisory control is to design a supervisory controllboge

where | is the composition operator. To elaborate, consid . .
I P P k is to enable or disable each of the controllable events

the case of two automata, i.e., i = 2. Then the synchronoys’. its ob i fth i ted I8/ DE
productG, || G2 models the behaviou®; andG- operating uring its observation of the event sequence generated I3/

concurrently, by interleaving sequences generate@pyand G, such that the resultant closed-loop system generates only
G- such that a subset ofL(G). Conceptually, a supervisory controllér

c?nsists of two components:
« events common to both the automata can occur only 1

each automata is in a state where such an event is defined,; S§=(S,V) 1)

and where supervisolS = (X,X,(, 29, X,n) IS an automaton
o events that are not common to both the automata MaY|led recognizer, and control la¥ : X +— 27 is the

occur as long as they occur in the order defined by tkgate feedback map. In a typical closed-loop configurat®n a
respective transition functions @, and G.. shown in Fig. 1, the supervisor and the DES interact with each

If the event sets of3; and G- are disjoint (i.e., no common Other via what is called ‘event-feedback’ throu§f{x). The
automatonS, as a language acceptor, is driven by the string

event between the two), the synchronous product reducgSsyents generated by DEG and fed back taS, which in
to the shuffle product ofG; and G». For a more formal tyrn, with S in statez € X, the next set of events € % of
definition, see Hoare [23]. DES G are subjected to the control l1a¥(z) such that only



events inV (x) are enabled. Note then that such a supervis@:. The Nonblocking Supervisory Control Problem

may be dynamic in the sense that not all strings of events of . . .
theyDESé/ that lead to the same state will necgessarily resylt 1€ basic supervisory control problem considered [13]} [15

in the same control action at that state. In a supervisor, tigeas follows:
strings generated by the controlled system will alwaysdrin Given a DES automatofx over an event set, with the

its automators to a defined state iX" through the transition associated languages(G) and L,,,(G), and a behavioral
o558 130, consecuertly, In cosexooh =/SteGheitcaion (or contol objecivel: C <. the supervsory
automaton which is defined as control problem is to find a (proper) nonblocking supervisor
' v controller § such thatL,,(S/G) C K (or we say the DES
S/G = Accessible(X x Q, %, (¢ x 0) ", (€0, o), Xm X Qm) under nonblocking controlS /G, satisfies specificatiof).
where(¢ x §)V : 2 x X x Q — X x Q is defined as What this framework captures is a DES (finite-state ma-
: chine)G and a behavioral specification describing a desired or
(C(o,),0(0,9)) go?hetr}ifrfsﬁzi;r?sd legal behaviours, with a supervisory controller being sought
(¢ x0)Y(o,2,q) = are defined so that only desirable sequencesgf(G)NK are generated.
undefined otherwise 1) A Centralized Solution:To provide a solution to the
above problem, the notion of language controllability is in
troduced. A languagé/ C ¥* is said to be controllable with
o € V(x) iff {(o,z) andd(o,q) are both defined, respect toG if

For aproper supervisory controllesS, at (z,q) € X x Q,

such that MY, NL(G) C M,

Zulg) € V(z), whereM3, = {so| s € M ando € 3, }. This controllability

whereS,(q) = {o | (s, q) is defined andr € ¥, }. Hence- condition requires that if any € M, i.e., any prefix of a

forth, unless otherwise stated, a supervisory controler §tiNg inM, followed by an uncontrollable eveate %, is in.
assumed to be proper. L(G), t_hen_wo € M, i.e.,,wo € L(G) must also be a prefix
LetX(q) = {c | 6(c,q) is defined and> € ©}. Then, with ©Of & String inA/. _ _ ,
S in statez € X andG in stateq € Q, Now, suppose there is a € K such thatso € L(G) is
not in K. Then,soc ¢ K. So, ifo € ¥, no S exists that can
V(z) =3(g) — V(2), exercise control to guarantde,,(S/G) = K. In this case,
whereV'(z) defines the subset of eventse ¥, disabled at we say thatK is not controllable with respect to DES. But
reX ¢ a largest or supremal controllable sublanguage (pos$iply
In general, a supervisory controllér can be decomposedo:c the rgar:c(ed lc?nf:a%ﬁ., % Lms%)bW't%r?péthtog cag
into two or more subsupervisors, giving rise toodular aways be foun [14]. It is denoted byp C'( ] ) & an
supervision. In the case of a modular superviSaronsisting is a solution languagé(S) for the nonblocking Supervisory
of two supervisory controllers; andS, given by controller § such thatL,,(S/G) C K. To emphasize, the
supervisory controllerS is maximally permissive, i.e., it
S1=(S1,V1) andS; = (S2, Va), disables events in DE& only when absolutely necessary, as
evident from the fact that the sublanguage C(X,G) C K

we denotaS by generated as a result is the largest.

S=51NS, 2) A Modular Solution:Let A; and A, be two automata.
such that Then the prefix-closed languagé$A ) and L(A,) are said
to benonconflictingprovidedL,,, (A1) N Ly, (Az) = L(A1)N
@ = (21, 22) and V(z) = Vi(21) N Va(22). L(A). If A; = (A;,V1) is a supervisory controller (of the

Then, withS in stater = (1, 2,) € X andG in stateg € Q, form (1)) for A,, thenA, is a nonblocking supervisor fok,
providedL(A;) and L(A2) arenonconflicting

With the above definitions, the result on modular supervi-
sion, readily extendible to more than two subsupervisoes; m

L ) . . be given as follows:
and in this sense, we say that these two subsupervisorfyjoint It

enable (or disable) events. The above notion of modular

supervision can be readily extended to more than two sub- 1) L(S1) and L(S;) are each controllable with
respect to DES3,

2
V(z) =%(q) — _U V(1)

supervisors. o
The behaviour of the supervised DES is described by  2) L(S1) N L(S2) and L(G) are nonconflicting,
the languaged.(S/G) = L(S) N L(G) and L,,(S/G) = thenS; ASs is a nonblocking (modular) supervisory
Lym(S) N Ly, (G). Clearly L,,,(S/G) C L(S/G). Supervisor controller for DESG.
S is said to be nonblocking if A generic softwareCTCT [11] is now available to support the

— e automatic synthesis of supervisory controllers. The DE& an
L (S/G)=L , . oo .

(8/G) (8/G) behavioral specification are input as automata to the softwa
i.e., every string inL(S/G) can be completed to a string inCTCT; operations supported b TCT include composition
L. (S/G). of automata, supremal controllable sublanguage computati



for a given behavioral specification with respect to the DES such as the vehicle assignment and route planning tectmique
interest, as well as a nonconflict test between two languagased, the task-execution capabilities of the vehicle fleet a
the accurate update of traffic information by the survedian

I1l. DESIGNMETHODOLOGY system. How the many existing algorithms - basic and applied

To encompass the components of the supervisory contr@S reported in the literature (see [10], [27], [2], [32] ahe
framework (see Fig. 2), the methodology to facilitate theeferences contained therein) might be exploited to addres

planning for online supervision of BLanTS consists of the the related optimization problems of vehicle assignmemt an
following steps: route-planning under close-loop supervision are beyord th

1) Modelling thePLanTS and Behavioral Specifications scope of this Paper. In the terminology of DI.ES ,[11]’. t.he
Both the service-operations process behaviour of a tyggnﬂer can be viewed as part of the underlying de9|S|on-
ical traveller and vehicle and the behavioral specific haking engine’ oPLanTs that is capable_of some cho_lces

|%f spontaneous occurrences of events, including assignmen

tions are modelled as DES’s translated into the for d . d d . andras’
of automata. The modelling of the service-operatiorfd'd réassignment events denoted respectivetyshyandras;

processes should also, through appropriate abstractio?]ss,prec_'sgly ‘deflnedlln Table 11 of Append|?< . The_se .events
take into account of the dynamic vehicle assignme € decision ‘outputs’ of t.he pl_annerunderlymg our ilfasive
(and routing) capabilities [27], [31] that an underlyin anTS model as described in the next section.

planner is assumed to possess. More will be said about
this planner later.

2) Synthesizing the Supervisor and Control Law In this section, the design of a modular supervisory con-
Taking into account the supervisory control architedroller for a PLanTS using the methodology discussed in
ture adopted (for example centralized or modular), theection Il is presented in detail.
automata representing the system of service-operations
processes to be controlled and the automata representingProblem Description

the corresponding behavioral specifications are fed to the|y the scenario considered, travel requests are randomly
control synthesis progra@TCT [11]. CTCT will tell jnjtiated, geographically distributed, and require imiagel or
us whether it is possible for the system to behave withiginergency attention. Each request is associated with only 1
the specifications and return the supervisor(s) and thgrson. The transport fleet is homogeneous. It consists of a
corresponding control law(s) that ensure the controllegnall fleet of N vehicles and has a small seat capacitypf
behaviour of the system is maximally permissive withifequests per vehicle and an assignment capacify, aequests
the latter specifications. per vehicle. The assignment-capadity of a vehicle refers to

3) Simulating the Supervisor and Control Law the maximum number of requests that can be assigned to, but
The supervisory control system is simulated to evaluajge yet to be fetched by the vehicle.

its effectiveness in that it takes appropriate actions in ac 1) ThepPLanT System ComponentsThe main behavioral
cordance to the supervisor(s) and corresponding contg@Jmponents are described as follows.

law(s). By default, all controllable events are assumed t0 1y hitiator Behaviour: This is a simple process that initi-

be dr;sabled. Let audtolmatr:& dehnote_z a Isu_perwior, and ates the start and end of the transport service-operations.
G, the PLanTS model. Then the simulation allows an d2) Vehicle Behaviour: From an initialshutdownor idling

enabled event_as input (to simulate its occurrence), an state, each vehicle can be service-started or restarted. In
control evaluation updates the current state S to, say the service-readystate, two possibilities are the vehicle

d ar/1d subsequently produ_ces the co_rre_spondmg control ending its service-operations, or breaking down during
V(z2’) - the updated (online) permission set - only o0 ahion. By the former occurrence, the vehicle returns
from which the next enabled event can be input. Only 15 5 igling state. By the latter, it falls into thbreak-
transitions |nV(x) are events enabled or permitted to down state; repair and maintenance are then needed to
oceur, ""_”0,' thewoccurrence; never res.qltlr} any (.event.ual get it to return to its initial state. In any state, it is
contradiction of the behavioral spemﬁqa‘uons3 in this possible that the vehicle gets trapped-in or out-of a traffic
manner,V (x) keeps the system operations within the 30, ‘The vehicle's task is considered completed once it
behavioral specifications. ends its operations and is out of the traffic jam.

Generally speaking, specifications should encompass tls¢ mo 3) Traveller Behaviour: From the service-operations view-
desired dynamic but orderly conditions under which a subset point, once a traveller is admitted for service, his request

of vehicles in a given fleet is chosen, from which the admitted  can possibly be cancelled either by the system or him-

IV. A SIMPLE AUTOMATED PLanTS

travel requests can be assigned to basedquantitative self, or assigned to a particular vehicle by the underlying
specifications asserting the desirgdality of serviceto be planner, after which the request cannot be cancelled
achieved. Theseuantitative specifications are of course to unless the timeout set occurs before he boards the

be met by the underlying planner; the extent to which they  yehicle. While in a vehicle, the traveller has the options
would be met depends on various factors the planner cossider  of making an urgent call (for another vehicle’s service)

2What is meant by ‘most desired’ is decidedly a subjectiveniopi of the or leaving the vehicle. The SeI’_Vlce'taSk is considered
system analyst. completed once the traveller exits the system.



2) Resource LimitsV, Cs and C,: In our current work, d) Vehicle Breakdown: When a vehicle breaks down,

we consider the following limits: Number of Vehicle§ = no further assignment or reassignment will be

3, Vehicle Seat-Capacity’s = 2 and Vehicle Assignment- given to it, nor will any traveller be allowed to

CapacityC, = 1. These limits determine the upper bound on enter it unless it is service-restarted.

what we termsystem processing limias discussed next. e) Fleet Service-DiligenceOnce system operation is
3) System Processing Limif < N(Cs+C,): The system ready, no vehicle is allowed to end its individual

processing limit)/ is assumed to be the maximum number of service-operations when the pending travel request

travellers that can be concurrently serviced without deigig ‘queue’ is not empty.

the performance of the underlying planner. Then, in general

the upper bound of the limifi/, denotedM,,,, is N(Cs; + B. Modelling forPLanTS and Behavioral Specifications

Ca) - the total of the maximal service-capacity; + Ca) Of  Eormalizing, thePLanTS's component processes and the

each vehicle that can possibly be concurrently utilizedtt8y Lehayioral specifications introduced above are embodied in

resource limits in our current work{,,,, = 9, but we assume g ;tomata shown in Appendix | and listed in Table I therein.

M=4<9. The event definitions are given in Table Il of Appendix I. The
4) The Behavioral Specification§he specifications to be trim automaton modeG for PLanTS is a composition of its

conformed to via supervisory control are described below. l:omponent processes via synchronous product [23], [11] as

the context ofPLanTS, these specifications are to be satisfiegliscussed in Section 11-A.2. The completion of the mandator

without ‘blocking’ or preventing the completion of any ofeth t5ks of thePLanTS is represented by a marked state which

following mandatory ‘tasks': is formed by collecting together the marked state in each of
« the emptying of the service-queue and all servicethePLanTS's component processes. The ‘Number’ column in
vehicles, Table | indicates the number of automata in each category for

« the service-terminatiorof all service-vehicles in normal the PLanTS with N =3 and M = 4.
traffic conditions.
1) Service Start-Up / Shutdown Operations C. Supervisor and Control Law Synthesis
a) Request Admission:Once system operation-start In this section, we first discuss, in relation to the notion
has been initiated, all vehicles must be read?f language nonconflict, the special structures of the aatam
for service first before any travel request can bepresentin®LanTS model and all the behavioral specifica-
admitted. tions considered. These structures help to analyticalbdish
b) Service Continuity: During system operation, no the nonblockingproperty of our modular supervisor design.
vehicle is allowed to end its individual service- 1) Special Structures and Nonconflicting Languag@se

operations until the system operation_stop has begﬁn structure of the automaton modal for PLanTS is such
initiated, in which case no more travel requestat there exists a string of uncontrollable events thatidea

will be admitted, and no vehicle will be service-any unmarked state in the structure to a marked state (which

restarted. is the initial state) of the system. This property is formati
2) Service Incident-Response Operations as follows.
) ) ] P P A ) Property 1: At any ‘unmarked’ statey € Q — @Q,,, of DES
a) Vehicle Traffic Jam: When a vehicle is caught in def

a traffic jam, no task (i.e., travel request) alreadgl ?:?ﬂh(:\ tda é)E’GQC’?(S’ @m; qo), there exists a string € 32,
a_s&gr(;ed t% ano:]helr vehl_(lzlg IS a"Oerdh to_ be T3S the following, Property 1 and the notion of language non-
b) ili?nnifortoster?/i\éz-(lzcae ;;::efst IS out of the jam. conflict [11] (reviewed in Section 1I-C.2) are used to esttbl
P ' Theorem 1. As the subsequent section will show, this theorem
i) Vehicle Seat-Capacity: The number of trav- allows us to analytically establish the second conditiosn (a
ellers (tasks-in-execution) in a vehicle must nof Section 11-C.2) of nonblocking modular control syntresi
exceed its seat-capacity 6f;. [11], [15] for PLanTS, withoutdirectly testing the property of
i) Vehicle Assignment-Capacity: The number |anguage nonconflict which, for the whole set of specificatio
of (pending) assignments for a vehicle musjytomata considered (as shown in Appendix I-B), is found
not exceedC,. Once assigned to a particulatg pe infeasible for the€TCT software to verify, due to the
vehicle, a travel request must not be servicegrge state space complexity of intersecting these berevio
by any other vehicle unless it is re-assigned Qpecifications.
timeout occurs. Theorem 1:A controllable prefix-closed languagé.(A),
A vehicle will not end its service-operations wherwith automatonA having the property oG-closure [13], i.e.,
its service-capacity (i.e., either seat or assignment if s L(A)N Ln(G), then s € L(A)
capacity) is not empty. mAEL mATES
c) Emergency Requests:A traveller can make an is nonconflictingwith (the prefix-closed language of) a DES
emergency call to request service by another vehinodel G that satisfies Property 1 .
cle only when the vehicle servicing him has broken  Proof: Given that the prefix-closed languad€A) is
down. controllable with respect t&. Then, supposé (A) conflicts



with L(G); this means that there exists a prefix L(A)N vehicle 1 and vehicle2 are ready for service when travel
L(G)—=Ln(A)N Lin(G); 6(s,q0) € Q—Qm (i.€., prefixsis  request2 is admitted, thus violating the specification which
not marked by automato@) since automator is G-closed. requires all vehicles to be ready first after startup before
By Property 1, there exists tac ©* such thatst € L,,,(G). any request can be admitted. Indeed, the simulation susceed
But st ¢ L,,(A) (because prefix cannot becompleted to because only the eventstart, st1, sta can be input in that

a marked string inL,,(A) N L,,,(G) ). Clearly st ¢ L(A) order; eventad, cannot be input thereafter because it is
since automatom is G-closed, thus contradicting the factdisabled.

that L(A) is controllable. [ ] By sequence 2tstart, sty, sta, sts, endy, ...,

Remark 1:It is easy to re-designate some unmarked statdge system operation-start is successfully initiated amih-c
as marked states to transform a given automaton into pleted with all vehicles ready for service when vehicle 1s€nd
automatonA that is G-closed. Therefore, we can readilyits service-operations, thus violating the specificatiomolv
infer from Theorem 1 that an arbitrary DES model desigrequires an order of shutdown (eventop) to be given first
that satisfies Property 1 will guarantee nonblocking in lefore any vehicle could end its individual operations. iAga
supervisory controllerA, V) that exists. the simulation succeeds this time because ewed{ cannot

2) Nonblocking Modular SynthesisThe trim automaton be input at that respective instance.

G obtained forPLanTS has 559,872 states and 11,197,440

transitions ! Fortunately, we could find a simpler trim model V. CONCLUSION AND FUTURE WORK

G’ for PLanTS, having 110,592 states and 2,875,392 tran- oy injtial study reported herein suggests that the theéry o
sitions, that renders the control computation us@FCT gy pervisory control [11] provides a useful framework fopca
feasible. The control synthesis with respect to mo@elis 1ring the high-level structure of a dynamic service-ofiers
the same as that with respect to mo@g| the elaboration of nanager for @LanTS. The structure is realized in the form
which is given in Appendix I-A. The automata representings 5 permission-basedsupervisory policy. The supervisory
the behavioral specifications are shown in Appendix I-B, angntro| theory offers a simple methodology for describing t
arbitrarily referenced herein &.. UsingCTCT on modelG’,  gyent-hased characteristics ofPAanTS and for determin-
each prefix-closed languadgS;) is found to be controllable j,q the existence of nonblocking supervision. If nonblogki
with respect toPLanTS model G. Hence the overall prefix- ynervision exists, it is guaranteed that fAeanTS under
closed language ((] L(Sx)) is also controllable [L1]. Let sych control will satisfy the behavioral specifications fie t

all k- ) least restrictive manner without preventing (or ‘blocKjrany
L(A) = m L(S), with automatonA being the (reachable) \narked’ service-operations task from completion. Beside
all k changing the desired behavior of tReanTS is a matter of

cartesian product of a8; hence L, (A) = (] Lu(Sx). By adding or removing a behavioral specification.

In the domain of planning for passenger transport-service,
the supervisory control framework serves to provide a new
basis to support the systematic development for onlinersupe
ol b vision of PLanTS. In this research, a modular approach using
G. Thus, according to the modular control result [11], [154t least two subsupervisors to jointly track the behavior of
(reviewed in Section ||-C,2),/\ Si:, whereSy, in coded form, PLanTS is considered. Importantly, the modular supervisor
_ ) ) all k ~ designed is structurally very simple and it issues permissi
is shown in Appendix II, can serve as a modular SUPervisogy(x) that form the necessatggical condition for the online
controller which, when acting in synchrony witfLanTs, is  ylidity of the vehicle assignment and route plans gendrate
nonblocking with respect to those mandatory ‘tasks’ definegg, the underlying planner.
at the beginning of Section IV-A.4, and therefore generateSthe state space complexity which arises from intersection
the largest (‘marked’) sublanguage of tReanTS model that 45 g L(Sk), where S, refers to the automaton of each

all k
inspection, each simple automat8p (as in Appendix I-B) is
G-closed; it then follows that automatoh is also G-closed
and hence, by Theorem lﬂ L(Sy) is nonconflicting with

lies within the overall specificatiot,,,(A). behavioral specification given in Appendix I-B, prohibiteet
use of theCTCT software to verify the property of nonconflict
D. Supervisor and Control Law Simulation between ﬂ L(Sk) and L(G). But, fortunately, by exploit-

To illustrate that the supervisory subcontrollers thus ol?ﬁg the gﬁekcial structures of tHeLanTS model G and all
tained jointly enable or disable events correctly, theoiwlihg S,, as formally discussed in Section IV-C, the property of

case is simulated. _ nonconflict and hencenonblockingfor modular supervision,
Proper Start-Up/Sghutdown?I’he following two sequences oo 14 pe verified. The structural property of thLanTS

test the specificatioﬂ L., (Vi_.SUDSP), (where automaton mo_del provides a practical guide_to general DI_ES model de_zsign
which guarantees the nonblocking property in a supervisory

Vi_SUDSP is shO\;v_nlin Fig. 6). Note that these test (prefixgontroller that exists.

sequences are feasible sequencé3l@nTsS, and violate only It is hoped that in the future, progress on supervisory abntr

the specification under test. will render the complexity problem more manageable, so
By sequence 1tstart, sty, sto, ads, ..., that a more capable transport-service planner in terms of a

the system operation-start is successfully initiated, dnly larger N, Cs, and C, may be deployed using the proposed



supervisory control approach. Note that in our illustrativ
supervisory design for th@LanTS, the system limitM is
restricted to only 4 for a fleet of 3 vehicle®v(= 3). Our
conjecture about the design is that it is ‘scalable’ in the
sense that the controllability and nonconflicting propestof

the corresponding modular supervisor can be preserved for
the same set of behavioral specifications &dnTS, but
extended accordingly to account for a larg¥r > 3 and

M > 4.

Finally, the hybrid architectural issues of developing the
underlying planner to perform lower-level tasks such as dis
tributed vehicle assignment and route planning under €lose
loop supervision would need to be defined and investigated.

APPENDIX |
MODELS

A. For PLanTS

The vehicle identification number (ID) is1 < < N, and
the admitted traveller ID ig, 1 < 5 < M. In the PLanTS
consideredN = 3 and M = 4. In the ‘Code No.’ column of
Table Il are theCTCT code representations of the various

dwn

outj

inj;

(a) Vehicle 7

tOUt‘

) entef
ras

(b) Traveller 5

events inPLanTS. For instance, events; - ‘Traveller 1
assignment to Vehicl®' - is arbitrarily represented i€TCT
as 115, an odd number denoting that it is controllable, whifég. 4. Basic Service-Operations Processes FLanTS
eventleave3 - ‘Traveller 3 leaves Vehicle 2’ - is represented
as 362, an even number denoting an uncontrollable event.
Composing (via synchronous product [11]) the trim au-
tomaton for Travellerj (as shown in Fig. 4(b)) and all
the N automata (as shown in Fig. 5) yields another trim
automaton (conveniently referenced B¥Nj;) for Traveller j
which includes the ‘natural’ constraint that Travelfezan only
leave the vehicle he has entered (not any other vehicle !). We
call these automatentry-exitlaws when we refer to the kind of
constraint they impose, via composition, on the automabon frig. 5. Mechanism Underlying Travellgi, 1 < j < M
Travellerj (as shown in Fig. 4(b)). Referring to our illustrative
PLanTS with N = 3 and M = 4, incorporating the set
of M such composed automafN; (each of 6 states and
18 transitions) instead via synchronous product resultanin

I det f havi for Traveller j that only excludesthe obviously impossible
overall automaton modek for PLanTS having 559,872 States gy ations of Travelley in one vehicle leaving another vehicle.

and 11,197,440 transitions ! For the behavioral specifioati Hence, theseV laws effectively form a component of the

that we consider, the contrql synthesis with respect.to this anTs's underlying engine for the behavioral process of
resultantPLanTS model G is beyond the Compl"t"j‘t'or‘a'Travellerj. It is thus practically inconsequential to supervision

capacity of CTCT running on a personal computer_ V_V_'th aEithat exists) whether or not these automata-theoretic es
200MHz CPU an_d 64M_B memory. Fortl_mately, fe_aS|b|I|ty 0 irectly incorporated into the overall model fBitLanTS, but
control computation usingCTCT can still be achieved by by not doing so, aPLanTS model G’ (of 110,592 states
considering only the trim automaton that has a smaller stafRqy 2,875,392 transitions) with a much smaller state size
size (of 4 states and 18 transitions as shown in Fig. 4(b)) A%ts, and this renders our control synthesis of indaidu

the b_ehaworal process of Travgllﬁr The NV entry-exit laws specification automata usir@TCT computationally feasible.
consist only of events in this trim automaton for Traveljer

1<i<N,1<j<M

and composing all of them yields another trim automakas;

tstop . e .
< B. For Behavioral Specifications

In each of the following specification automata (Figs. 6
tstart through 12), self-loops (not shown) must be adjoined to
account for all events which are irrelevant to the specificat

Fig. 3. System Initiator: Initiator Process in @LanTS but which may be executed in tiL.anTS model.



TABLE |
AUTOMATA FOR PLanTS AND BEHAVIORAL SPECIFICATIONS

Process Name Category Automata Number
System Initiator - Fig. 3 1
PLanTS Vehicle 7 - Fig. 4(a) 3 %2
Traveller j - Fig. 4(b) 4
Entry-Exit laws in Traveller j | - Fig. 5 4 %3
Service Request Admission
Start-Up/Shutdown | and Vi_SUDSP Fig. 6 3
Operations Service Continuity
Vehicle Traffic Jam Vi_TIMSP Fig. 7 3
Service Vehicle Seat-Capacity Vi_SEATSP | Fig. 8 3
Incident-Response | Vehicle Assignment-Capacity | Vi_AGNSP Fig. 9 3
Operations Emergency Request Vi_EMSP Fig. 10 3
Vehicle Breakdown Vi_DWNSP | Fig. 11 3
Fleet Service-Diligence FLT _DILSP | Fig. 12 1
TABLE Il

EVENTS FORPLanTS MODEL

Process Events —c: controllable (odd no.)u : uncontrollable (even no.) Code No.
System tstart Start of system operation c | 01
Initiator tstop End of system operation c | 03
Discrete Traffic Changq inj; Vehicle ¢ caught in traffic jam u | 4
for Vehicle ¢ outj; Vehicle ¢ out of traffic jam u | i6
st; Vehicle ¢ service-start c | 4l
Service ‘Operational | end; Vehicle ¢ service-end c | i3
Status’ Behaviour of | dwn; Vehicle i breakdown u | 0
Vehicle ¢ ret; Vehicle ¢ return u | 2
ad; Request admission and label as Travejler c | j01
Tw; Traveller 5 request-cancellation u | 702
as; Traveller j assignment to Vehicle c | j1(2e—1)
Service ‘Demand’ msj Traveller j re-assignment to Vehicle c | j2(2¢—1)
Behaviour of tout; (Waiting) Time-out for Traveller; u | 730
Traveller j enter’ | Travellerj enters Vehiclei c | j4(2i —1)
ecall;'. Traveller j leaves Vehiclei and makes emergency call ¢ | j5(2¢ — 1)
leave?- Traveller j leaves Vehicle; a‘ u | j6(2i —2)

end

tstart

outj

(Fixed i, Variable j)
Selfloop =X — {inj;, outsi, rasi}

ad;,st

(Fixed 4, Variable j)

Fig. 7. Vi_TIMSP: Vehicle Traffic Jam
Selfloop =X — {¢start, tstop, ad;, sti,end; }

end,

Fig. 6. Vi_SUDSP: Service Start-Up/Shutdown leavé, ecall

i i
leav (# Ieav¢ secall

APPENDIXII _
MODULAR SUPERVISORYDESIGN FORPLanTS entef entef
The following (Figs. 13 through 19) are the (sub)supergsor (Fixed, Variablej) _
and control laws that constitute the modular supervisory-co Selfloop =X — {end;, enter;, leave], ecall}}

troller designed folPLanTS.
Fig. 8. Vi_SEATSP: Vehicle Seat-Capacity



end ,tout;

L, = {enter’ enter® tout,,ras® |n # p}
0, = {as;mas;L I, = {enter;toutp, ras];}

(Fixed i, Variablej andk, k # 1)
Selfloop =% — {end;, asj, rasj-, 7"(15;?7 tout;, enter;-, enterf}

Fig. 9. Vi_AGNSP: Vehicle Assignment-Capacity

st ecall
dwn

(Fixed 4, Variable j)
Selfloop =% — {st;, dwn,, ecallj-}

Fig. 10. Vi_EMSP: Emergency Requests

entef,as ,ras;, st
dwn

(Fixed 4, Variable j)
Selfloop =% — {st;, dwn,, enteré, asj7 rasj}

Fig. 11. Vi_DWNSP: Vehicle Breakdown

end ,leavg, xx ‘
leave, xx leave, xx;
Ieavé, XX,

leavé, xx;

(Variable 7 and 5)
Selfloop =X — {end;, zz;, ad;, leave}}

Fig. 12. FLT _DILSP: Fleet Service-Diligence

10

01 03

joLi1
(Fixed i, Variable j)
Selfloop =% — {01, 03, j01, 41,43}

Statex | V(x)

0 71,701}
1 3,43, 701}
2 i3}

Fig. 13. Vi_SUDCON: Service Start-Up/Shutdown Supervisors

(Fixed i, Variable j)
Selfloop =% — {i4, 16, 52(2 — 1)}

Statex | V(z)
0 0

R PICE);

Fig. 14. Vi_TIMCON: Vehicle Traffic Jam Supervisors

0 j6@-2j5@-) 1 j6@-2,j523-) 2

i3j6(2-2)

i42- j4@-y

(Fixed i, Variable j)
Selfloop =X — {43, j4(2i — 1), j6(2i — 2),j5(2i — 1)}

Statez | V(z)

0 75(2 — 1)}
1 i3}
2 i3,74(2 — 1)}

Fig. 15. Vi_SEATCON: Vehicle Seat-Capacity Supervisors



L, = {n4(2i — 1),n4(2k — 1),n30,n2(2k — 1) |n # p}

O, = {p1(2i — 1),p2(2i — 1)}
I, = {p4(2i — 1), p30,p2(2k — 1)}
(Fixed ¢, Variablej andk, k # 1)
Selfloop =% — {43, j1(2i — 1),52(2i — 1), j2(2k — 1),
30, j4(2i — 1), 74(2k — 1)}

Statez | V(z)
72(2k — 1), 7402 — 1), 74k — 1]
i3,71(21 — 1), 72(21 — 1)
i3, 71(21 — 1), 72(2i — 1)
i3, 71(21 — 1), 72(2i — 1)
i3, 71(2i — 1), 72(2i — 1)

AlWNfFO

Fig. 16. Vi_AGNCON: Vehicle Assignment-Capacity Supervisors

i52-

(Fixed 4, Variable j)
Selfloop =% — {1, 0, j5(2¢ — 1)}

Statex | V(z)

0 {75(2i — 1)}
1 [

Fig. 17. Vi_EMCON: Emergency Requests Supervisors

i A42-1,j12-D,
j2@-1i1

i0

(Fixed 4, Variable j)
Selfloop =% — {i1,0, j4(2i — 1),1(2i — 1), j2(2i — 1)}

Statexz | V(z)
0 0
T | 1@ - 10,20 — 1,4 — 1]

Fig. 18. Vi_DWNCON: Vehicle Breakdown Supervisors

i 3j6(2-2),j02
i 6@-2),j02 i6(-2,j02 i 6(d-2),j02

i6(-2),j02

(Variable¢ and j)
Selfloop =X — {i3, 702,501, j6(2i — 2)}

Statez | V(z)
0

0
1 i3}
2 i3}
3 i3}
Z i3}

Fig. 19. FLT _DILCON: Fleet Service-Diligence Supervisor
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