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Abstract: In control of discrete-event systems (DES'’s), the fornalon of control requirements from natural language
statements is essentially a human endeavor. Without atgdnsapport tools, human designers often face
the uncertainty of not knowing if the control requiremerdsnfialized in the rudimentary DES formalism of
automata are as intended, motivating the automata-thestetly of specification informatics in the field of
DES’s. A specification automaton that renders its lingaid&scription more transparent should help design-
ers ascertain the prescribed requirement. Such trangyaneay be formalized in either the state space or
the event space of the DES. In this paper, treating the foaméundamental, a state-transparent specification
automaton is conceptualized with respect to a full spetifinsautomaton (‘full’ in the sense of having all
the a priori transitional constraints of the DES embeddeit) ift contains only specification relevant states
called specification epochs. Each epoch denotes a “weletfidisjoint subset of states of the full specifica-
tion automaton in the same phase of execution, meaningdgliyegated such that the resultant specification
automaton retains the original restrictiveness on the OBS8.problem of maximizing the state-transparency
of specification automata for DES’s is then theoreticallyrfolated. Subject to human perceptive or cognition
limits, we believe that such a maximally state-transpaspecification automaton could be more compre-
hensible, showing clearly the compliant execution of th&tey through a minimum number of specification
epochs, and should aid designers in clarifying if the rezquint prescribed is the one intended.

1 INTRODUCTION DES (Cassandras and Lafortune, 2008). Often, de-
signers understand the control requirements in natu-
Many man-made systems can be modeled as discreteral language and manually prescribe the correspond-
event systems (DES’s). Supervisory control theory ing specification automata. The lack of formal tools
for DES's (Ramadge and Wonham, 1987) provides to help designers in turn interpret and comprehend
a theoretical framework for synthesizing controllers the specifications prescribed has been identified as a
(called supervisors) for DES’s. A DES is modeled as factor limiting the effective use of supervisory con-
a finite automaton, with its possible executions gener- trol theory (Grigorov et al., 2011). Without auto-
ating a formal language over a finite event set. A su- mated support tools, designers are generally faced
pervisor, also modeled as a finite automaton, restrictswith the uncertainty of whether a prescribed speci-
the DES to certain sequences of events or states sucliication is as intended. This has been encountered in
that a given set of control specifications is conjunc- many applications of the automata-based DES frame-
tively satisfied. work (Grigorov et al., 2010) — in automated manu-
In practice, control requirements are first given facturing (Magnusson et al., 2011; Cheriaux et al.,
in natural language statements. In our opinion, the 2010), robotics (KoSecka and Bajcsy, 1994; Ricker
potential benefits of supervisory control theory could et al., 1996), communicating transaction processes
be better harnessed provided the specifications in au-(Feng et al., 2007), information systems (Hinze et al.,
tomata correctly formalize these verbal or textual 2006) and intelligent service transportation (Seow and
statements (Ou and Hu, 2000). The translation from a Pasquier, 2004), to name a few. In fact, with advances
natural language statement of a control requirementin computing technologies mitigating complexity to a
to a specification in automata is often a non-trivial practically feasible extent, human comprehensibility
task requiring the working knowledge of the entire is turning out to be more challenging than computa-

357



ICINCO 2012 - 9th International Conference on Informatics in Control, Automation and Robotics

tional issues in solving industrial problems using su- lem studied in (Pham et al., 2010), namely, one that is
pervisory control theory (Wonham, 2003). This moti- based on states rather than events.
vates the automata-theoretic study of specification in-  In our theoretical development, we first introduce
formatics in the field of DES's. the concept of state-transparency of control spec-
Psychological studies have shown that human be-ifications prescribed in finite automata. A state-
ings tend to first abstract the representation of a prob-transparent specification automaton is an abstraction
lem when addressing complex real world problems of a full specification automaton (‘full’ in the sense
(Rasmussen, 1986). In studying a problem, an on-the-of having all the a priori transitional constraints of the
fly model abstraction of the problem could often help DES embedded in it), with each of its states represent-
a human’s limited mental capacity better understand ing a unique epoch (or execution phase) of the DES
the essence of the problem (Bredereke and Lanke-that is relevant to the specification. As will be formal-
nau, 2005). From this empirical study, we infer that it ized and explained, each relevant epoch distills a dis-
might be useful to have an algorithm that can abstract joint subset of states of the full specification automa-
an input specification automaton, and present humanton that is intraconnected. By such intraconnectivity,
designers with an output automaton that is structurally any pair of states in each disjoint subset is “graphi-
clearer and thus easier to comprehend, but retains thecally connected” by the automaton via only the states
essential expressions of the requirement prescribed byin the subset, such that the member states reached
the original automaton. Such clarity or transparency by an automaton transition from the same nonmem-
comes from accentuating specification epochal infor- ber state are all temporally strung by a DES string of
mation, and correctly suppressing information irrele- events transiting through only the states in the subset.
vant to the specification without oversimplifying that It is postulated that specification epochs defined and
could lead to ambiguity. The development of a sys- constructed this way would have well-defined mean-
tematic approach to obtain such transparent specifi-ings for a state-transparent specification automaton.
cation automata is the aim of this paper. Not unlike For an intuitive understanding, the reader might want
any study involving human cognition, the proposed to skip ahead to Section 5 for an example of abstract-
approach is assistive and provides a necessity basis tang the states of a full specification automaton [Fig.
individual designers for understanding specification 4(a)] into specification epochs, and yielding a state-
automata. transparent specification automaton [Fig. 4(b)].
Research on specification transparency for DES’s  Different state-transparent specification automata
originates with the work of (Pham et al., 2010). resulting from a full specification automaton can rep-
Therein, the specification transparency maximization resent the control requirement using different sets of
problem introduced attempts to highlight the prece- specification epochs; and any specification automaton
dence ordering among a minimal set of events deemedis said to be the most (or maximally) state-transparent
relevant to the specification, by ‘hiding’ in self-loops if it can retain the original restrictiveness of the speci-
all the events that are considered irrelevant to the fication on the DES using the least number of specifi-
specification but can occur in the DES. For many ap- cation epochs. Subject to human perceptive or cogni-
plications, it might be more desirable to specify for tion limits, we believe that such a maximally state-
the DES in terms of state sequences or trajectoriestransparent specification automaton could be more
(Du and Wang, 1988; Ou and Hu, 2000; Faraut et al., human comprehensible. Constructing such an au-
2011). In fact, it has been noted that while design- tomaton is a state-transparency maximization prob-
ers of communication systems would prefer to specify lem. In this paper, we formalize this problem, which
restrictions on event sequences generated by a DESs shown to be NP-hard elsewhere. As a polynomial
model, designers of manufacturing systems would time algorithm cannot be expected for this problem,
prefer to specify restrictions as constraints on state we propose an algorithm that can run in polynomial
trajectories traced by the DES (Cao and Ho, 1990). time and achieve maximal state-transparency in indi-
A specification automaton in conjunction with a DES vidual cases but not in general.
can equivalently be viewed as prescribing a set of  The rest of this paper is organized as follows. Sec-
‘legal’ state trajectories of the DES. A specification tion 2 reviews relevant concepts in languages and
automaton that traces state trajectories suitably pro-automata theory, and in some graph basics. The
jected from this legal set might thus furnish a clearer new concept of state-transparency is defined, and the
state-linguistic description that aids in easier interpre problem and NP-hardness of finding a maximally
tation of the prescribed control requirement. This mo- state-transparent specification automaton are formally
tivates an alternative but complementary formulation stated in Section 3. A polynomial time algorithm that
of the specification transparency maximization prob- can compute state-transparent specification automata
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is proposed in Section 4. An illustrative example is u € V; to nodev € Vj in J is a sequence of edges in
presented in Section 5 to demonstrate the concept ofE;, starting at node and ending at node

a state-transparent specification automaton. Section 6
presents some related work. Section 7 concludes the

paper.

2 PRELIMINARIES

2.1 Formal Languages and Automata

We follow the framework of Ramadge and Wonham

(Ramadge and Wonham, 1987). L%be a finite set

of events. A string denotes a finite sequence of events

from S. Let S* be the set of all finite strings froig8
including the empty string. A stringt’ is a prefix of
t, if there exists a stringsuch that’s=t.

A languagd. overSis a subset 08*. We saylL;
is a sublanguage af, if Ly C Lp. For a languagé,
its prefix closurel is the language consisting of all
prefixes of its strings. As any strirgyn S* is a prefix
of itself, we haveL C L. A languagd. is considered
prefixed-closed it. = L.

Any regular language can be generated by

an automaton. An automato® is a 5-tuple
(Q,S,d,qo,Qm), whereQ is the finite set of discrete
statesSis the finite set of discrete eventk,Sx Q —
Q is the (partial) transition functiorg is the initial
state and)y, € Q is the set of marker states.

Write d(s,q)! to mean thatl(s,q) is defined and
—d(s,q)! to mean otherwise. The definition dfcan
be extended t&* x Q in the usual way as follows.

d(ea q) =q,
(Vs € S)(Vs e (S)")d(ss,q) = d(s,d(s,q)).
The prefix-closed languad€G) and the marked

language.m(G) describe the behavior of automaton
G. Formally,

L(G) = {seS"|d(sq)'},
Lm(G) = {seL(G)|d(s,do) € Qm}.

A stateq € Q is reachable if3s € S*) d(s,qo) = q,
and coreachable {f3s € S*) d(s,q) € Qm. Automa-

(U, ul)v (ula UZ)"'(uk*lv Uk)(Uk,V).

Two nodesu andv are said to be connected if such
a path exists. A graph is connected if every pair of
nodes inV; is connected.

Finally, let|P| denote the cardinality of the sBt

3 PROBLEM CONCEPTS AND
DESCRIPTION

3.1 Specification Automaton and
State-transparency

Definition 1. (Pham et al., 2010) Given a DES&
(Q,S,d,qo,Qm), and a regular language L such that
L = Lm(A), where automaton A= (X,F,x,Xo, Xm). If
Alis said to be a specification automaton (of L for DES
G), then 1) F=S, 2) Lm(A) NLm(G) = L(A)NL(G),
and 3) A is trim.

Intuitively, a specification automaton for DES
models a (marked) sublanguage@®@fover event set
S. The sublanguagemn(A) NLm(G) is well modeled
such that every common prefix stringlitA) NL(G)
can be extended to a marked strind-if(A) N Lm(G),
thereby specifying an uninhibited sequence of execu-
tions to complete some task.

Given a specification automatagkxfor G, a trim
automatonH such thatlm(H) = Lm(A) NLn(G) is
said to be a full automaton, in that it embodies the
a priori transitional constraints @, and thus repre-
sents the full nonblocking behavioral specification for
G underA. By Definition 1,H can be called a speci-
fication automaton.

Given a full specification automatorH =
(Y,S,z,¥0,Ym) for DESG = (Q,S,d,qo, Qm), we de-
fine the following (cf. (Su and Wonham, 2004)).

LetE : Y — 25 be the set of events definedyat Y
such thak(y) = {s € S| z(s,y)!}.

Let D : Y — 25 be the set of events not permitted
by the specification gte Y such thaD(y) = {s € S|

ton G is reachable if all its states are reachable, and —z(s,y)! and (3s€ S*)[z(s,yo) =y andd(ss, do)!]}.

is coreachable if all its states are coreachable, i.e.,

Lm(G) = L(G). If G is both reachable and coreach-
able then it is said to be trim.

2.2 Graph Basics
Following (Diestel, 2006), an undirected grajhs

a 2-tuple(Vs, Ey), whereV; is the set of nodes and
E; CVj xVj is the set of edges. A path from node

Let T : Y — {truefalse} with T(y) =
trueif (3s € S*)[z(s,yo) = y and d(s,qo) € Qm].
T(y) istrueif yis reachable by a string in the marked
language ofG.

LetM:Y — {true, false} with M(y) =trueif y €
Ym. M(y) istrueif yis a marker state.

We say two states in a full specification automa-
ton H are specification compatible with each other if
their associated event permission and nonpermission
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in a DESG as well as their markings are consistent,
formally defined as follows.

Definition 2. Given a full specification automaton
H = (Y,S,z,y0,Ym) for a DES G, let CCY xY be
the set of pairs of specification compatible states of H
on G. Then:

Foryy €Y,(y,y) € Ciff
1. E(y)nD(y) =E(y)ND(y) =0;

2. T(y) =T(Y) = M(y) =M(y).

Condition 1 states that fofy,y) € C, an event
permitted aty should not be denied permission at
y and vice versa. According to Condition 2, states
y,¥ €Y of H such that(y,y') € C are consistently
markedtrue or false if both states are reachable
by some strings in the marked language®fi.e.,
whenT (y) = T(Y') =true), or if neither is reachable
by a string in the marked language Gf(i.e., when
T(y) =T(y) = false.

In what follows, a procedure called 13 is devel-
oped to check if a state pair is specification compati-
ble. Lemma 1 is immediate.

Procedure: Chkl fInC(y,Y).

Input: Two states/,y € Y of H = (Y,S,z,Yo0,Ym);
Output: trueif (y,y') € C; false otherwise;

1 begin

2 if (E(y)nD(Y))U(E(Y)ND(y)) =0then
3 if T(y)=T(Yy)then

4 it M(y) = M(y) then
5 | return true

6 end

7 end

8 else

9 | return true

10 end

11 end

12 return false

13 end

Lemma 1. Let C be the set of pairs of specification
compatible states of a full specification automaton
H = (Y,S,z,yo,Ym) for a DES G. Then for a pair of
input states yy €Y, Procedure 13(y') returns true

iff (y,y') € C.

A cover of a seY is a family of subsets of whose
union isY. Each element of a cover is called a cell. A
cover is a partition if its cells are pairwise disjoint.

We now define what is called a specification-
equivalent partitiorP over the state set of a full spec-
ification automator.

Definition 3. Let C be the set of pairs of specifica-
tion compatible states of a full specification automa-
ton H= (Y,S,z,yo,Ym) for a DES G. For an index
set X, a partition P= {Y, C Y | x€ X} is said to be a
specification-equivalent partition of H if

360

L (e X)(Wy,y €Y)(vY) €C;
2. (Wx e X)(Vs € S)(3IX € X)[(Vy € Yx)z(s,y)! =
Z(Say) GYX’]'

For an index seX and a statg € Y, we denote the
cell of P={Yx C Y | x € X} containingy as[y], i.e.,
fory € Yy, we havey] = Y.

Condition 1 of Definition 3 states that all pairs
of states within the same cell must be specification
compatible. Condition 2 asserts that, for two arbitrary
cellsYy andY,, of P, the states reachable via the same
event from states of the same c¥limust all belong
to the same cel.

According to Definition 3, two stategy €Y
are to be placed together in a cell of a specification-
equivalent partition if the state pair is specifiation
compatible and all the state pairs reachable by iden-
tical strings fromy andy’ are also specification com-
patible. Any two statey andy’ that can be placed
within a cell as such are said to be pairable. It follows
that all state pairs reachable by identical strings from
pairabley andy’ are also pairable. State pairability is
formally defined as follows.

Definition 4. Let C be the set of pairs of specification
compatible states of a full specification automaton
H = (Y,S,z,Yo0,Ym) for a DES G. Two statesy € Y

are said to be pairable if

1. (py)ecC

2. (Vs € SHz(sy)!
(z(sy),z(sy)) €C]
In what follows, we present a procedure (cf.

(Su and Wonham, 2004)) called :PTran that

computes and returns an induced automafos-

(X, S,x,%0,Xm) from a given specification-equivalent

partitionP = {Y; C Y | x € X} defined on a full specifi-

cation automatoil = (Y, S, z,Yo, Ym), such that each

statex € X of A uniquely corresponds to cef} of P.

The initial state ofA corresponds to the cell contain-

ing the initial state oH. A state ofA is marked if the

corresponding cell contains any marked statkl ofn

A, a transition of everd € S from a statex to a state

X is defined if there is a transition of the same event

in H, from a state ifY to a state in¥y,. The procedure

has a worst case complexity {|Y||S|).

Theorem 1. Given a full specification automaton H
for a DES G and a specification-equivalent parti-
tion P of H. Then under G, A PTran(H,P) is a
specification automaton modeling,(H) such that
Lm(H) = Lm(A) NLm(G).

Remark 1. A specification-equivalent partition (of

Definition 3), though mathematically similar, is con-
ceptually different from a control congruence (Su and
Wonham, 2004). For a different purpose as will be

and

2(sY)!

=
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discussed in Section 6, the latter notion requires H
to be controllable; and we note that for a control con-
gruence kdefined on a controllable H, PTr&Hl | P;) !

. automatorH;
becomes a procedure that retu.rns a nonblocking and Output: true, if pis intraconnectedfalse otherwise:
possibly state-reduced supervisor (Su and Wonham, 1 pegin

Procedure: Checkl fConnectdg).

Input: A cell p of a partition on the state set of an

2004) realizing ln(H) for DES G. Exposing thistech- 2 (p,E)=1(H,p);
nical correspondence, it is not unexpected that cer- 3 Select any’ € p;
tain definitions in this paper have some similarity with 4 Addy’toa queudl,
those in (Su and Wonham, 2004). 5 | connodelist={y"};
6 while u is not emptyo
Procedure: PTrarH, P). ; Z?g::#?’ffoT Z;E’ such that ye {y1,y»} do
Input: A full specification automator = (Y,S,z, Yo, Ym) 9 Let ;l;yfyl v2} — {yh ¥ oLl
gnd ?Yspce::(if‘icati%?}:ec]]‘uki'valent partition 10 iy ¢ Coan’odelistthe’n
=&Y xeAyorm; 11 con.nodelist:= con.nodelistu{y'};
Output: An induced specification automaténsuch that 12 Addy tou; v
each state of\ uniquely represents a cell &f 13 end '
1 begin 1 d
2 Xo = X € X such thatyy € Y; en
3 | Xn={XeX|YNYn#0}; 15 | end _
4 | x:SxX - X(pfn) withx(s,x) =X for (x,X € X) and 16 | if p=connodelistthen
(s €9S), such that3y € Yy)z(s,y) € Yy; 1 | relum true
5 | return A= (X,SX, X0, Xm); 18 | end
6 end 19 else
20 | retun falsg
Given an automatomd = (Y,S,z,yo,Yn) and a % . end
subsetY’ C Y of states, an undirected graph de- 22 °"
noted byl (H,Y’) can be induced such thigH,Y’) = . _
Y E) )\I/I\/Eth’ E’>: WY) | (%Y €Y) aE](d 7(35> c According to Definition 5, a state-transparent par-
S)[,z(s y) =y} ’ ’ tition is a specification-equivalent partition contain-
Y) =Y}

ing only intraconnected cells over a full specification
automaton. We postulate that these cells can be ab-
stracted to reveal well-defined specification-relevant
epochs, in what is defined as a state-transparent spec-
ification automaton.

For a partitionP of the state seY of H, we say
a cell p € P is intraconnected if the states it contains
are all “graphically connected” in the automaton via
only the states within the cell, i.e., the induced graph
I(H, p) is connected.

For any given input cellp € P, Procedure Definition 6. Given a full specification automaton H
Checkl fConnectedonducts a breadth-first search on for a DES G. Letr be the set of all state-transparent
the graphl (H, p) and returngrue if 1(H, p) is con- partitions on H. Then for B 2, a specification au-
nected. The procedure starts by adding a randomtomaton A= PTran(H,P) (for DES G) is said to be a
node ofl (H, p) to a listcon.nodelist The procedure  P-transparent specification automaton of H.

then adds taconnodelistall nodes inp that share A P-transparent specification automaton formal-
an edge with the selected node. This step is repeateq,qg 5 state-transparent specification. Intuitively, un-
for each node that is addeddonnodelist Once af-  yer pESG, aP-transparent specification automaten
ter all nodes irconnodelistare considered and there  js 4 apstract representation of a full specificatin
are no further nodes to be addeddonnodelist if and each state dk is a specification epoch abstract-
connodelistequalsp, thenl (H, p) is connected. The i 5 cell of the state-transparent partit®of H. By

procedure has a complexity OX|p|[S|). Theorem 1A possesses the same restrictiveness on
In what follows is the important definition of a ;g

state-transparent partition over a full specification au- 4 postulate that the most (or maximally) state-
tomaton. transparent specification automatshould express
Definition 5. Let X be anindex set. Given a full spec- the control requirement using the least number of
ification automaton H= (Y, S, z, yo, Ym) for a DES G, specification epochs, i.e., the state-transparent parti-
a state-transparent partition of H is a specification- tion P should be of minimal cardinality.

equivalent partition P= {Yyx C Y|x € X} of H with

the following cell intraconnectivity property{vx € 3.2 Problem Statement

X)[I(H,Yy) is connectefi

The problem of finding a maximally state-transparent
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specification automatoA for a full specification au-

tomatonH on DESG can now be formally stated. Procedure: Chkl f Pairabldy,y’, waitlist).
. L Input: Two states/,y of input specification automatds, a
Problem 1. Given a full specification automaton H list waitlist of states pairs considered so far;
for a DES G. Letr be the set of all state-transparent Output: true, if y andy are pairablefalse otherwise;
partitions on H. Construct a P-transparent specifi- with waitlist updated;
cation automaton A= PTran(H,P) of H such that 1 begin N
(VP € 2)|P| > |P). 2 LetW(y) = {y" [ {(v,y"),(¥",y)} Nwaitlist # 0};
) 3 foreachys € [y]UUy, cw(y) 1] do

Theorem 2. Problem 1 is NP-hard. 4 foreachyz € [y]UUy, cw(yn [¥2] do

5 if {(y1,¥2),(y2,y1)} Nwaitlist =

0and[y1] # [y2] then
if Chklfln = falsethen
4 PROCEDURES AND SOLUTION  ; (etum T 1o
ALGORITHM 8 ed

9 waitlist := waitlist U {(y1,y2) };

10 foreach
Since the state-transparency maximization problem is s € Ssuch thatz(s,y1)! andz(s,yz)!
NP-hard, a polynomial-time algorithm that can al- do
ways return a specification automaton of maximal 11 flag = ChkifPairablez(s,y1),
state-transparency is not expected. In this section, i(?[yzh""fa'tl“s?ﬁ
a polynomial-time algorithm that cannot guarantee . '| ?gt;maf?seen
maximal state-transparency, but can often produce ,, end
maximal solution in individual cases is proposed. 15 end

By Theorem 1 and Definition 6, a state- 16 end

transparent partition induces a state-transparent spec-17 end
ification automaton. A procedure to compute a state- 18 end
transparent partition is, therefore, essential for com- 19 return true

puting a state-transparent specification automaton. 20 end
Such a procedure, GetST Partitionis presented in
Section 4.3. The procedure utilizes another procedure
(Section 4.1) to check for state pairability and yet an-
other procedure (Section 4.2) for checking the cell in-
traconnectivity property. In Section 4.4, a solution

Procedure: GetCnctPartitiorfwaitlist, P).
Input: A list waitlist of pairable state pairs and a
state-transparent partitid®
Output: A partition P’ that augment® such that the states

algorithm for Problem 1 is then presented. paired inwaitlist are placed within same cells,
wheneverP’ has only intraconnected cellB;
4.1 Checking of State Pairability otherwise;

begin
LetW(y) = {y" [ {(y"),(y",y)} nwalitlist # O};

For two statey,y €Y of a full specification automa- P ={yUUyewy Y] M. IY] € P}

1

2

3
tonH = (Y,S,z,yo,Ym), Procedure Chkl fPairable 4 foreach p € P’ do
checks if the input stategandy’ are pairable. For 5 flag = Checkl fConnecteg);
this, initially, the procedure checks if the input state 6 if flag = falsethen
pair is specification compatible (Condition 1 of Defi- ; e|nd return P;
nition 4) by invoking Procedure 13 and thereafter re- o
cursively checks if all state pairs reachable by iden-
tical strings from the input state pair are also specifi- ,,
cation compatible (Condition 2 of Definition 4). The
procedure returngue if all the state pairs considered
are specification compatible; aridlse otherwise. A 4.2 Checking of Cell Intraconnectivity
list waitlist (that is initialized to the empty s@twhen-
ever ProcedureChkl f Pairableis invoked by Proce-  For a listwaitlist of pairable state pairs and a state-
dure :GetST Partitiofis updated with each state pair  transparent partitioR, Procedure GetCnctPartition
that is considered. The procedure has a complexity of augments to a partition of states dfl such that the
O([Y[?) state pairs inwaitlist are placed within same cells

of the partition. Each cell of the newly computed
partition is checked for intraconnectivity by invoking

end
return P';

end
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Procedure :Checkl fConnectedIf each of its cells
is intraconnected, the newly computed partition is a

state-transparent partition and is returned by Proce-

dure : GetCnctPartition Otherwise, the input state-
transparent partition is returned without any modifi-
cation. The procedure has a complexityQ@fY|?).

Procedure: GetST PartitiofH , G).

Input: A full specification automatohl = (Y,S,z,Yo, Ym)
on DESG;

Output: A state-transparent partitidd of H;

1 begin

2 | P={MIM={y}foryeY}

3 foreachy e Y do

4 foreachs € Sdo

5 if z(s,y)! then

6

7

8

9

Lety' =2z(s,y);

waitlist := 0;

flag = Chkl f Pairabldy,y ,waitlist);

if flag=truethen

10 |
end

end

P = GetCnctPartitioriwaitlist, P);

end
end
return P;

16 end

4.3 Computation of a State-transparent
Partition

For an input full specification automatah on DES

G, Procedure : GetST Partitioncomputes a state-
transparent partitiod® of H. Initially, the proce-
dure defined such that each state belongs to a dis-
tinct cell. Then, for each pair of states that are con-
nected inH by a transition, the procedure invokes
ProcedureChkl f Pairableto check if the state pair
is pairable. ProcedureChkl fPairablereturnstrue

if its input state pair is pairable, wittvaitlist hav-
ing a list of state pairs that are reachable by iden-
tical strings from the input state pair. Whenever,
Procedure :Chkl f Pairablereturnstrue, Procedure

. GetCnctPartitionis invoked. As explained in the
preceding subsection, Procedur&etCnctPartition
updatesP by placing within same cells those states
that are paired invaitlist, provided the cell intracon-
nectivity property is satisfied. Otherwise, the state-

transparent partition is not updated. The procedure
terminates after it has considered all pairs of states in

H connected by a transition. The complexity of the
procedure i(|Y[3|S)|)

4.4 Solution Algorithm

For an input full specification automatdh on DES

Specifications

Algorithm 1: Computation of a state-transparent
specification automaton.

Input: A full specification automatoil on DESG;
Output: A state-transparent specification automatoof
H;

1 begin

2 P = GetST PartitioH, G);
3 A=PTranH,P);

4 return A,

5 end

G, Algorithm 1 computes a state-transparent specifi-
cation automatoA of H. Procedure GetST Partition
computes and returns a state-transparent partition
P of H. The algorithm returns automatof =
PTran(H,P), which by Definiton 6, is aP-
transparent specification automatontbf The com-
plexity of Algorithm 1 isO(|Y|3|S|). The complexity

of Algorithm 1 is the sum of complexities of proce-
dures :GetST Partitiorand :PTran i.e.,O(|Y|3|S| +
[Y[|S1) ~ O(Y[*|S]).

Theorem 3. For a full specification automaton H
on DES G, Algorithm 1 returns a state-transparent
specification automaton A of H such that(H) =

Lm(A) NLm(G).

(A)

ILLUSTRATIVE EXAMPLE

Figure 1: FMS layout.

5

In this section, we illustrate the concept of state-
transparency using an example of a flexible manufac-
turing system (FMS) adapted from (Uzam, 2004). As
shown in Fig. 1, the FMS consists of two machines
M1 andM2, and a roboR, all capable of handling
parts of two different typeX andY. Parts of type

X enter and leave the FMS through an infinite-size
buffer1/Ox and those of typ& through an infinite-
size bufferl /Oy. Each machine can process only one
part at a time, and the robot can hold only one part at
a time. The production cycles for part typésandY

are as follows.

X:M1—-R— M2

Y :M2—R—M1

In the former cycle, a part of typ¢ s first loaded into
machineM1 for initial-stage processing, before robot
R takes and loads it into machimé2 for final-stage
processing. In the latter cycle, a part of tyyés first
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2loady

lloady 1loady 2loady
ONOHNOICHONOG,
<

1releasex 1releasey 2releasex

(a) MachineM1 (b) MachineM2

2releasey I lreleasey

lloady 2loady
(c) RobotR
Figure 2: FMS models.

>«
2releasey

loaded into machin®12 for initial-stage processing,
before robotR takes and loads into machinél for
final-stage processing.

As depicted in Figs. 2(a) and 2(b), machines M1
and M2 transit among states idlingf, m?), process-
ing X (m%, mg) and processiny (m{, n¢), respec-
tively. The robotR transits among states idling},
holdingX (rx) and holdingY (ry), as depicted in Fig.

(a) Minimal specification-equivalent partition over thdl pecification au-
tomatonH

2(c). Note that in the directed graph representation
of an automaton, a state is represented by a node,
and a state-to-state transition by a directed edge la- reteases
beled with an event. The initial state is represented
by a node with an entering arrow, and a marker state
by a node drawn as a double-concentric circle. For
i € {1,2}, event loadx represents the loading of

into Mi for processing and eveneleasg represents
the release oK by Mi after processing. Similarly,
event loady represents the loading &finto Mi and

(b) The resultant minimal state specification automafdn

Figure 3: Specification state minimization.

and 2oady, that initiate respectively the processing
event releasg represents the releaseoby Mi. of parts of typeX andY, lead to state 1 iMIN. As a
The DESG for the FMS is formed by the syn-  result, this state does not form a meaningful specifica-
chronous product (Cassandras and Lafortune, 2008)tion epoch inMIN as it represents either “type-part
of M1, M2 andR. A control requirement foG is ~ Processing” or “type¥ part processing”. This is am-
that, once the processing of a part of tygestarts, ~ biguous, in that typex part processing could be con-
the processing of a part of typé cannot start un- fused with executing eventda.d)( followed by event
til the processing of the part of typé is Completed, 2re|eaSQ, when the latter event should be executed
and vice versa. The full specification automatén  only following a type¥ part processing.
of this requirement foG is shown in both Figs. 3(a) Algorithm 1 returns a state-transparent specifica-
and 4(a). It is derived from some specification au- tion automatonA (which incidentally is maximal)
tomatonB prescribed by a system designer such that overH, as shown in Fig. 4(b). The state-transparent
Lm(B) NLm(G) = Lm(H) € Lm(G). partition computed ol is shown in Fig. 4(a). Each
Fig. 3 shows a specification-equivalent partition state of A abstracts a cell of the computed state-
of minimal cardinality [Fig. 3(a)] oveH thatinduces  transparent partition dfi. As will be explained, each
a minimal-state specification automat®iN [Fig. such cell has states in the same phase of execution.
3(b)] ofH. It has been pointed out in (Wonham, 2003) Note in Fig. 4(a) that when eventadhady brings the
that the control requirement prescribed MiIN is system from the initial staten'r;m¢ of H to state
not easy to comprehend. The specification-equivalentmir;m?, it means that the system has started process-
partition in Fig. 3(a) used to construktiN is not a ing a part of typeX. To help better understand speci-
state-transparent partition. Notice that the cell that in- ficationH, in conformance with Definition 5, our al-
duces state 1 dflIN does not satisfy the cellintracon-  gorithm aggregates the statgr,m? with other states
nectivity property; intuitively, it means the cell con- in H, forming a cell of pairable and intraconnected
tains states in clearly different phases of execution, states, to distill a well-defined specification epoch
such asn}r ¥ that occurs when a part of typeis meaningfully interpreted as “Processixg. Other
processed, anaiir; mé that occurs when a part of type  specification epochs that result can also be interpreted
Y is processed. Due to this, both the everitmailk meaningfully. Effectively, the output state-transparent

364



On Specification Informatics in Discrete-event Systems - State-transparency for Clarity of Finite Automata as Control
Specifications

Over a controllable specification automaton gen-
erating a sublanguage of the DES, the supervisor
reduction algorithm in (Su and Wonham, 2004)
constructs a control congruence, which essentially
is a partition of states of the input automaton, and
uses it to compute a state-reduced supervisor au-
tomaton. By “virtually setting” all events as con-
trollable, one could adapt the algorithm to achieve
state size reduction for a full specification automa-
ton. In some cases a state-reduced automaton con-
structed may be easier to understand, but the out-
put of such a state reduction procedure (Su and
, Wonham, 2004) is usually not appealing to human
f engineers (Wonham, 2003). The reason is that
the output often also abstracts away those a pri-
ori DES constraints essential for interpreting the

(a) Minimal state-transparent partition over the full Sfieation automaton

4 drelease specification. The fact of the matter is that the
Ireleasey main aim in (Su and Wonham, 2004) is to con-
2oady Voady struct a supervisor automaton to achieve economy
of implementation, using the least possible num-
'z’l ‘@ Voady  2loady zl’l ber of control states by removing constraints al-
- - ready enforced by the DES. Also related is the re-
l loady Sloady search (Miremadi et al., 2008) that generates and
Hoady Hoadr attaches propositional formulae called guards to a
eteases ((rosesing Procesnd] - tease given supervisor to aid in design clarity.
e In this paper, along our latter and complementary
(b) The resultant maximally state-transparent specitiozaii- line of research, state-transparency is introduced
tomatonA and developed. Our aim is to re-express a speci-
Figure 4: Specification state-transparency maximization. fication automaton using the minimum number of
specification relevant states manifesting as speci-
specification automatoA ‘summarizes’ state infor- fication epochs, so as to aid in clarifying if it spec-
mation inH as specification epochs, highlighting only ifies the intended requirement.

the essential restrictions on the DES. The specifica- Finally, the concept of state-transparency provides a
tion automatorA is easier to comprehend, since the ifferent language perspective to clarifying specifica-
temporal essence of the specification - that once thetjons from that of event-transparency introduced in
processing of a part of type starts, the processing of  (ppam et al., 2010). This is manifested by two main
a part of typer cannot start until the processing of the  gifferences as follows. First, in the case of maxi-
part of typeX is completed, and vice versa - is clearly mg| state-transparency, a specification is recast us-
depicted inA. ing the least possible number of specification rele-
vant states, with each state representing some unique
specification epoch. In the case of maximal event-
6 RELATED WORK transparency, the precedence ordering among a mini-
mal set of events deemed relevant to the specification
is highlighted. Second, states in a state-transparent
specification automaton correspond to a state parti-
tion of a full specification, but are not so for an
event-transparent specification automaton. The event-
transparency maximization algorithm developed in
(Pham et al., 2010) allows unrestricted state splitting,
e In the former line of research, state reduction of causing in some cases, an event that is not permit-
synthesized supervisors has been proposed as d@ed and therefore undefined in a state of a given in-
technique that might render the control actions put full specification automaton to be undefined at
due to a specification more readily comprehensi- several states of the output event-transparent automa-
ble to designers (e.g., (Su and Wonham, 2004)). ton. This could result in a cluttered state structure

Within the DES control community, design compre-
hensibility is receiving increasing attention and recog-
nition. Current efforts focus primarily on clarifying
supervisor design, whereas our work focuses on clar-
ifying given specifications:
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of the automaton. In other words, event-transparency Cao, X.-R. and Ho, Y.-C. (1990). Models of discrete event

tends to facilitate clarity in event ordering informa- dynamic systemslEEE Control Systems Magazine
tion, whereas state-transparency facilitates clarity in 10(4):69 - 76.
temporal state information. Cassandras, C. G. and Lafortune, S. (200&yoduction to

Discrete Event SystemSpringer.

Cheriaux, F., Picci, L., Provost, J., and Faure, J.-M. (2010

Conformance test of logic controllers of critical sys-
7 CONCLUSIONS tems from industrial specifications. Rroceedings of
the European Conference on Safety and Reliability

The study of informatics for the clarification of D'estel R.(2006)Graph theory Springer.
discrete-event control specifications in automata is PY Y- and Wang, S. H. (1988). Translation of output con-
motivated. and the informatics notion of state- straint into event constraint in the control of discrete

. . event systems. IfProceedings of the IEEE Confer-
transparency is developed. A state-transparent speci- ence on Decision and Contofolume 2, pages 1119

fication automaton is formally defined and a solution -1124.
algorithm to construct a specification automaton of Faraut, G., Piétrac, L., and Niel, E. (2011). Process track
significant state-transparency is proposed. An illus- ing by equivalent states in modal supervisory control.
trative example is given to highlight how such an au- In Proceedings of the IEEE Conference on Emerging
tomaton can enhance the intuitive understanding of a ~ Téchnologies & Factory Automatiopages 1 — 8.
specification in automata. Feng, L., M.Wonh_arrl[,_ W.,tand Tkli_agarajan (2007b). Design_—
e - ing communicating transaction processes by supervi-
To enhancg §peC|flcat|on comprehens_lblllty, our sogry control theor?/. Formal Mett?ods in Syst)ém Ige-
future work will incorporate temporal logic to ex- sign 30:117-141.
tend our state-transparency specification frame\_/vorkGrigorovl L., Butler, B., Cury, J., and Rudie, K. (2010).
to a dual-language framework. Temporal logic is a Conceptual design of discrete-event systems using
natural language readable and expressive formalism templates. Discrete Event Dynamic Systemmages
for writing specifications (Manna and Pnueli, 1992). 1-47.
An algorithm is proposed in (Seow, 2007) to trans- Grigorov, L., Butler, B., Cury, J., and Rudie, K. (2011).
late a state-based (finitary) temporal logic specifica- Conceptual design of discrete-event systems using
tion for a DESG to a full specification automaton georgplates.Dlscrete Event Dynamic Systergd.:257—

H. An algorithm that directly translates such a tem- ik ik _
poral logic specification to a state-transparent spec- Hinz&: A., Malik, P, and Malik, R. (2006). Interaction de-

R - 7 sign for a mobile context-aware system using discrete
ification automatorA for which Lm(H) = Lm(A) N event modelling. IrProceedings of the Australasian

Lm(G) should be of great practical utility to design- Computer Science Conferengmges 257—266.
ers prescribing specification for DES's. Such a dual- kozgecka, J. and Bajcsy, R. (1994). Discrete event sys-
language framework can give designers added confi- tems for autonomous mobile agerf®botics and Au-

dence in ascertaining whether a prescribed specifica- tonomous System2(3-4):187-198.
tion is as intended by rendering the control require- Magnusson, P., Sundstrom, N., Bengtsson, K., Lennart-

ment of the translated specification automaton eas- son, B., Falkman, P., and Fabian, M. (2011). Plan-
ier to understand from the integrated perspective of ning transport sequences for flexible manufacturing
automaton state-transparency clarified with readable ~ SYStems. IrProceedings of the IFAC World Congress

temporal state information Manna, Z. and Pnueli, A. (1992)The temporal logic of
’ reactive and concurrent systenSpringer-Verlag.
Miremadi, S., Akesson, K., and Lennartson, B. (2008).
Extraction and representation of a supervisor using
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