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Abstract— The problem of sensor activation in a controlled problems remains active; see, e.g., [14]. In these problem
discrete event system is considered. Sgnsors are assymed tOsettings, it is assumed that, for each event, the agentreithe
be costly and can be turned on/off during the operation of always or never activates the sensor.

the system. The agent activates sensors as needed in order to Thi . d with th bl h th
observe the trajectories of the system and correctly implem@nt IS paper IS concerned wi € probiem where the

the given feedback control law. Different policies of senso agent may want to activate the sensor only some of the
activation can be used by the agent. A policy is said to be time, depending on the trajectory of the system. This flex-
minimal if any strictly less activation prevents the corred jpility becomes important when the system is operated in
implementation of the control law. A systematic formulatin 51 anyironment where the available sensing resources are
of the sensor activation problem is obtained and a splgtlon limited = le i el twork
procedure is proposed. An algorithm that computes minimal imite _or costly. For exqmp €, In a wireless sen§0r ne Wor
sensor activation policies is presented. The algorithm is fo transmitting data or making measurements may involve using
polynomial complexity in both the number of states and the limited battery power or limited bandwidth. Also, the life
number of events in the system. o span of a sensor often depends on the frequency of the

Index Terms—Discrete event systems, sensor activation, su- measyrements it takes. In other instances, security cosicer
pervisory control, observability may motivate the need to minimize communications with
sensing devices. The intricate part of the sensor activatio
problem is that the decision of activating or not a sensor
I N a control system, the control or diagnosis decisions gft a given point in the evolution of the system depends not

an agent often depend on its observation of the systenghly on the current trajectory of the system, but also on the
trajectory. (We use the word “agent” to represent the generjgent's observation of that trajectory, which in turn degen
ent|ty reSponSible fOI’ Contl‘Ol and/or diagnOSiS taSkS El thon how sensors have been activated so far. The work in
control system.) However, online observation of the system]-[3] considers the sensor activation problem (prinyaril
is Usua"y limited and can be COStly for one or more of the fOlfor the purpose of event diagnosis) from an opt|ma| control
lowing reasons: life span and availability of sensors, tmi yjewpoint and it captures the requirements associated with
power of batteries, available computation and commuruoati the definition of sensor activation policies by defining a
resources, or security. To reduce sensor-related costs, Hyitableinformation stateFor acyclic systems, i.e., for finite
agent may not want to activate the sensors continuous|gnguages, an appropriate filtrationaffields of information
Therefore, the problem of minimization eénsor activation states is identified, and an optimal policy is then found by
is of great interest in the deSign of cost-efficient contrud a dynamic programming. For Cyc"c SystemS, i'e., for infinite
diagnostic systems. Our usage of the word “activation”is th reqular languages, the set of string-based informatictesta
paper includes all functionalities associated with thess&n s reduced to the set of diagnoser states. The formulation
deViceS, inClUding communication with these devices. Th@) the sensor activation prob|em in [4], [5] is different and
problem of optimal sensor activation has been studied in thgysed on safety 2-player games and weighted automata; the
context of discrete event systems (DES) recently, where t@eg,a| is to ensure diagnosability.
common objective is to minimize the activation of sensors This paper is specifically concerned with the problem
during the operation of the system [1]-[5]. There is alsgf minimizing sensor activation to preserve the property
closely related work concerned with minimizing commu-f observabilityin a controlled DES. Observability is the
nications of event occurrences in decentralized-infoimmat necessary and sufficient condition dea"ng with Sensing lim
systems, for purposes of control or diagnosis [6]-[9]. itations for supervisor existence in partially-observages-

In the initial works on sensor selection in DES, theyisory control problems (controllability addresses atiora
optimization objective is to minimize theet of events to |imjtations). We are interested in the generalized notién o
be observed by the agent [10]-[13]. In its general formgpservability in the context of observable event occuresnc
this problem is known to be NP-complete (see, e.g., [13]}or transitions) in [15], which extends the basic notion of
Research on effective approximation methods to solve sugbservability (in the context of observable events) in [16]
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fl ipn@ce. eng. wayne. edyu. His research is su);)’ported in part by NS [9] for the sensor activation problem of this paper. Theti
grants INT-0213651 and ECS-0624828. of feasibility ensures the consistency between the agent’s
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observation of the trajectories of the system and its dessi automaton
on sensor activation. The notion iofiplementabilityrestricts Ge (X E fr 1
the solution space to the state space of the system for tlee sak =(XE 1,1 x%) @)

of computational efficiency. The notion @hinimality is @ where X is the finite set of statest is the finite set of
logical one: a sensor activation policy is minimal if remyi  events,f : X x E — X is the partial transition function where
one or more activations of event occurrences in the dynamigx e) = y means that there is a transition labelled by event
evolution of the system renders a correct solution incorrece from statex to statey, I is the active event function where
Our approach is different from the work in [1]-[5] in [(x) is the set of all events for which f(x,e) is defined
many respects: (i) our notion of optimality is logical as(called the active event set & at x), andxq is the initial
opposed to numerical; (i) our solution framework coverstate.f is extended tX x E* in the usual way. We us&’(G)
finite and infinite regular languages in the same manney denote the language generatedGyWe define the set of
(in contrast to the work in [3]); (iii) with the requirement transitions ofG as
of implementability, our solution space is restricted te th
subsets of the set of transitions of the system. This lasttpoi TRG) = {(x.6) eXxE:ecT(x)}. @)

means that optimal solutions to our problem can be computgghe set of events that are observable by the agent is denoted
in polynomial time in the state space of the_sy_stem. Thisisigy £, and the set of events that can never observed by the
contrast to the more general numerical optimization proble agent is denoted b§y.. An event is observable if there exists

in [3], where a dynamic program must be solved over g sensor associated with the event that can be activated.
state space doubly-exponential with respect to the maximum

length of system strings (acyclic case) or exponential witB. Sensor Activation Model
respect to the state space of the system (cyclic case). Inwe first present a general language-based model of sensor
[4], [3], the authors use a safety 2-player game-theoretigtivation. We then restrict this model to one that is based o
argument that involves the construction of the so-callethe state space db. Sensors are activated by the agent; in
“most-permissive observer,” a step of exponential conplex the context of this paper, the agent will be the supervisory
in the state space of the system and doubly-exponential gdntroller for G. When to activate sensors is described by
the number of observable events. the following sensor activation mapping

An example in [8] shows that knowing more occurrences _ E
of events can cause some distinguishable strings to become w:Z(G) — 2% ©)
indistinguishable. This result is sometimes called theKla | other words, for a trajectorge Z(G), w(s) is a subset
of monotonicity problem” in decentralized-informationssy of observable events corresponding to the sensors that are
tems with communication. We demonstrate in this papeictivated by the agent after
that the lack of monotonicity problem does not arise for Gijyen a sensor activation mapping we use induction to

feasible sensor activation policiesn other words, within  gefine the corresponding information mapp#fy: . (G) —
the class of feasible sensor activation policies, moreueet] E: s follows. For the empty string, 6%(¢) = ¢, and for

sensor activations do not cause distinguishable strings i sec #(G)

become indistinguishable. This key result allows us toweri © )

polynomial-time algorithms in the state space of the system 09 (se) = { Gw(s)e ifee 0_)(5) (4)

and in the number of events for calculating minimal sensor 6%(s)  otherwise

activation policies without any structural assumptionsto®  After the occurrence o, the next eveng is seeror observed

system. by the agent when it occurs afterif and only if the agent
This paper is organized as follows. Section Il presentsctivates the sensor ferafter the occurrence af

a systematic description of our problem. Then, we show The set of confusable string pairs, denoted. Gy (w),

the existence of a maximum feasible subpolicy for a givers defined as

policy in Section Ill. In Section 1V, Algorithm NN-SEN-

AcT, together with its subroutine Algorithm Mk-Fea-  Zeonf(@) = {(St) € Z(G) x Z(G) : 6°(s) = 6“(1)}.  (5)

Sus, are presented for solving the sensor activation problerigte that for alls € Z(G), we have(s,s) € Feoni(w).

An illustrative example and a complexity analysis follow. |t js important to note that not all arbitrary sensor activa-

Section V provides concluding remarks. Proofs have begpy policiesw will be “feasible” based on the information

omitted due to space limitations; they are available from thyyqilable to the agent. To guarantee feasibility, it is fesli

authors. that any two strings of events that are indistinguishable to
the agent must be followed by the same activation decision
Il. DESCRIPTION OFPROBLEM for every event. Namely, an activation poliey must be
“compatible” with the information mapping® that is built
A. System Model from it. Formally, w is said to befeasibleif

We assume basic knowledge of DES and common nota- (VecE)(Vsesec.Z(G)) 6%(s) = 6%(s)
tion. We model an untimed DES as a deterministic finite-state = [e€ w(s) & e€ w(9)].

(6)



In principle, to check feasibility, we first calcula®” from C. Objective for the Agent

, and then check if equation _(6) holds._ ) In addition to the feasibility requirement specified by
For the p“[_pose of comr_)gtfinonal _e_ff|C|ency, we 'ntrOducsquation (11), we may further require that the agent be able
a so-called “implementability” condition that restricthet . istinguish certain pairs of states Gffor its own control
class of sensor gptlvgtlon ppl!mes to the stgte spacetetﬁpp purposes. Formally, we specify a relatidBpecC X x X,
of G. This condition is reminiscent of the implementability hich, is called thespecificationcondition. We require that
condition n [6]. [8]. [9]- F_ormally,w is said to beimple- 5 giate pair(x,y) € Tspec be indistinguishable from the
mentablewith respect t0G if viewpoint of the agent, that is,
o = cdagy, 070w (V8,8 €.2(G)) 6%(s) = 6%(s)
. o . . . :>(f(X07S)7f(XOvS/))€TSPeG
In words, implementability requires that any two strings of
events that lead to the same stateGnmust be followed The agents must activate a proper set of transitions to
by the same activation decision for every event. Clearly, thobtain sufficient information so that the above requirement
solution space for the problem of sensor activation can H& satisfied.
refined by refining the state space of automa@nat the Tspecis user-defined and problem-dependent. For example,
cost of increased computations; we assume hereafter gat th supervisory control, we may want to find a minimal sensor
designer has chosen the desired structur€ @in the basis activation policy so that thebservability property holds.
of available computing power. This property is defined in [15] in the context of observable
When the implementability condition is satisfied, we car@vent occurrences; it is an extension of the original dédinit
associate the activation of sensors with the transitio:in in [16] for natural projections or,. Obtaining Tspec from
the event associated with each transitiorTiR(G) is either the observability requirement is discussed in Section 5.1
sensed (activated) by the agent or not. The set of transitioi [17]; details are omitted here. GiveRgpec Obtained from

whose event labels are sensed by the agent is denoted byhe observability requirement and given a sensor actinatio
policy Q, the language?(G) is observable if and only if

(13)

QCTRG), ®) equation (13) holds, or, equivalentllson(Q) N Tspec= 0.
where(x,e) € Q means that The following example shows how to constrdgpes (For
(Vse Z(G)) f(x0,8) =% = ec w(s). 9) conciseness, when listing elements of sets of sthgsand

Teont hereafter, we only list paifx,y); by definition, pair

We callQ a sensor activation policy. We shall refer hereaftefy ) is also in the set even if not explicitly listed.)
to the elements of) as theactivated transitionsnote that Example 1:Consider the system modeled by the automa-
the state name is never observed, only the event label of thgy A shown in Fig. 1. Suppose the desired behavior is
activated transitionQ is defined only if the implementability represent by subautomat@which is obtained by removing
condition is satisfied. When this is the case, there is a ongete 3. Let the set of controllable eventfe= {e}. Event
to-one correspondence betweenand Q. In particular,@ e js defined at states 0, 1, and 4 &f but it is not defined
can be obtained fror as follows. at state 1 ofG. Therefore, to ensure observability of the

w(s) ={ecE: (f(x,9),€) € Q. (10) language generated iy with respect to that generated by
A, we need to disambiguate states 1 and 4, and also states 1

We denote byd? the function8® of equation (4) whereo and 0. In other wordsTspec= {(1,4), (1,0)}.

comes from a giverf2 according to equation (10). We say

thatQ is feasible if the corresponding is feasible. It is not

difficult to see thatQ is feasibleif and only if
(VecE)(Vsesec .Z(G))0%s) = 69(9)
= [(f(x0,5),8) € Q& (f(x0,5).8) € Q.

In prior works on the sensor selection problem [10]-[13],

a sensor is either activated all the time, or not at all. That Fi9- 1. Observability and state disambiguation in Example 1

corresponds to the sensor activation policy

(11)

on , We are now ready to formally state the problem to be
0" ={(xe) e TRG) : xe X,ec Ey}, solved.
where E;, C E, is the set of sensors that are (always

activated. It is easy to verify that such a sensor activation’ Problem Statement

policy is necessarily feasible. Given a systenG = (X,E, f,[",Xo), a specificationlspeg
The set of confusable state pairs, denotediy+(Q), is and a set of observable everlis C E. Assume that if the
defined as agent activates all sensors all the time, that is, ugfér=
Teonf(Q) = {(xy) eXx X: (358 € Z(G)) (12) {(x,e) :x e X,ee€ Ey}, the specificatiorTspec is satisfied:
x=f(Xo,5) Ay = f(X0,5) A GQ(S) = GQ(S’)} (s, € .Z(G))Ga” (s) = gall (9)

Note that for allx € X, (x,X) € Teonf(Q). — (f(%0.9), f (%0,8)) & Tspeo (14)



We would like to solve the following problem. Find a sensor Lemma 2:Let st € Z(G). Then8(s) = 0(t) if and only

activation policyQ* C TR(G) such that: if
Cl. Q"is feasible. o [(VuePC(s) (Fve PC(t)) B(u) = 6(V)] a7
C2. The specificatiospecis satisfied: A[(YvePC(t)) (3ue PC(s)) B(v) = B(u)].

NP The following important theorem establishes the mono-
(ia(?(foi:)(?&f g()sg ;.? (s) (15) tonicity of feasible sensor activation policies.
2 AT spee Theorem 1:Consider a prefix-closed languageand two
wheref* is the information map obtained frof@*.  sensor activation policie®’ andw” for it. If «/ andw” are
C3. Q*is minimal, i.e., there is no oth&’ C Q* that both feasible, i.e., they both satisfy equation (6), then

satisfies (C1) and (C2). W oW = T ) C T Y
This optimization problem is different from the ones corsid The followi ~ ”°°”f(. ) P tcc’”k‘;(w )d . (fl_ﬁ]
ered in [1]-[5]. The above notion of minimality is particu- f oflowing coroflary 1s a state-based version ot Theo-

larly well-suited for problems where communications from Corollary 1: Given syste and two sensor activation
the sensors to the agent are costly. Moreover, this foriomlat =~ : ’ )
g y policies Q' and Q" for it. If Q' and Q" are both feasible,

admits nice properties as will be seen in Section IlI. ! . .
brop i.e., they both satisfy equation (11), then
E. About Lack of Monotonicit
y Q20" = Teont(Q) € Teont(Q"). (19)

In a more general problem setting involving several Tpg following theorem says that the union of two feasible
communication agents, observing the event labels of MOyylicies is also feasible.

transitions does not mean that the agent can distinguisk mor +haorem 2:Consider language?(G) and two feasible

pairs of states; see, e.g., Example 2 in [8]. Fortunately, fQansor activation policies’ andw” for it. Then,w = &/ Uw”

the sensor activation problem discussed in this paper, the ;50 feasible.

agent activates sensors basgd_ on its own observation of t §or any given sensor activation policy, the following theo-
system. Because of the feasibility requirement of the sensp,, giates that, among all of its feasible sub-policiesgtie
activation problem,_agnvayng more often the Sensors do_%lsunique maximum feasible sub-policy. This result plays an
help the agent tq d_lstlngwsh more pa|rs.of strings. We W'lﬂmportant role in the development of the algorithmic saunti
formally prove this in Theorem 1 in Section III-B. of the sensor activation problem presented in Section IV.
1. A NALYSIS OF PROPERTIES Theorem 3:For a given systgnG and a sensor agti-
vation policy Q for G, there exists a maximum feasible

We first present some definitions and then formally invess <" 4 tivation polic®!F such thatQ'F C Q. i.e., for

tigate properties of the sensor activation problem. all feasibleQ’ with Q' C Q, we haveQ’ € Q'F. Let Qi

A. Notation and Definitions i=1,...,m be all feasible sensor activation polices such
that Qi C Q. Then, we haveQ'F = U™, Q;. Furthermore,

its corresponding set of confusable state pairs is given by
Tconf(QTF) = ﬂinlchonf(Qi)-

The prefix-closure of a stringie .£’(G), denoted byPC(s),
is defined aPC(s) = {uc E*: (3ve E*) uv=s}. We say
that ' C " if (Vse Z(G)) w/(s) C w’(s). We say that
W Ccw'if ' Cw and(Fse Z(G)) w(s) Cw'(s). IV. ALGORITHMS FORMINIMIZATION OF SENSOR

For a given sensor activation policf, we define the ACTIVATION
“unobserved reach” of state € X under Q, denoted by ) i ) ,

UR(x,Q) C X, to be the set of states that can be reached In this section, we pres_ent. the main algorithm, callc_ad Algo—
from x via “unobserved” transitions, namely, unactivatecf'thm MIN-SEN-ACT, for finding a minimal sensor activation

transitions or transitions labeled by unobservable events pol|cy_ Q". In the algorithm, we use a su_broutme, c_alled
Algorithm Max-FeA-SuB, to find the maximum feasible

B. Properties of Sensor Activation Problem sensor activation policyQ!™ of a given sensor activation

The relation between the feasibility 61 and the set of Policy Q. An illustrative example is also presented.
confusable state pairf.on(Q) is given by the following

lemma, whose proof follows directly from the definitions ofA' Algorlthms
Teont and feasibility. Algorithm MIN-SEN-ACT:

Lemma 1:Q is feasible if for anye € E and(x,e),(y,e) €  INPUT: A systemG, a set of observable eveni, and a
TR(G), specificationTspec

Step O:Initialization. SetQ = {(x,e) e TR(G) : e€ E,} and
(X,Y) € Teont(Q) = ((x,€) € Q& (y,€) € Q). (16) pD=o0.
Lemma 2 states that if two strings have the same infolstep 1: Pick a transition(x,e) € Q but (x,e) ¢ D. Let
mation mapping, then for each prefix of one string, thereT . 0\ {(x.e)}.
exists at least one prefix of the other string having the samep 2:Call Algorithm Max-FEA-SUB to calculate the max-
information mapping. The proof follows from a recursiveimum feasible sensor activation poli€@'F of all feasible
application of the definition of the functiof. sub-policies ofQT and its corresponding set of confusable



state pairsTeont(Q'F) as (Q'F, Teont(QF)) = MAX-FEA- le,1,[e,];

SuB(QT).

Step 3:TestTeont(QF) NTspec= 0. If it is true, setQ «— QIF

andTeonf(Q) < Teont(Q!F). Otherwise, seb <+ DU{(x,€)}.

Step 4:1f Q # D, go to Step 1. Otherwise s&@* «— Q,

Teont(Q*) « Teont(Q), and stop.

OuTPUT: Minimal sensor activation polic* and its set of

confusable state paifkoni(Q*). [ |
Theorem 4:The outputQ* of Algorithm MIN-SEN-ACT

is a solution to the sensor activation problem formulated in

Section 1I-D. Fig. 2. Minimal solution computed in Example 2
Given a sensor activation poli€Q, the maximum feasible

sensor activation polic2'F can be found by the following

algorithm. in the first iteration. SeR™ «— Q\ {(0,a;)}. Go to Step 2
Algorithm MAX-FEA-SUB: and proceed with Algorithm Mx-FEA-SuB as follows. By
INPUT: Sensor activation policf, G, and E. Step 0, sefd — QT and T = {(x,x) € X x X}. By Step 1,
Step O:lnitially, setQ — Q andT — {(x,x) € X x X}. setT « TU{(0,1)}. By Step 2, since0,1) € T, f(0,a2) =
Step 1:Recursively, seT — TU{(x,y) eXxX: 3wz e 2, f(La) =3, setT « TU{(23)}. Since f(0,e;) =
T)x€e URW,Q)AYy€UR(zZQ)}. 0, f(,e;) =2, setT «— TU{(2,0)}. Since (2,0) € T,
Step 2: Recursively, setT — TU{(xy) € X x X : f(2a)=4, f(0,a) =1, setT — TuU{(4,1)}. Completing
A we),(z€)eTRG))(W2) e TAT(We)=xAf(z€)= Algorithm Max-FEA-SuB, we have (4,1) € Teont(QIF).
y}. Therefore, Teont(Q'F) N Tspec 2 {(4,1)} # 0 in Step 3 of
Step 3iterate Steps 1 and 2 until there are no further changddgorithm MIN-SEN-ACT. SetD « DU {(0,a;)}. Go to
toT. Step 4, since) # D, go back to Step 1.

Step 4:Recursively, sefQ «— Q\ {(y,e) € Q: (3 (x,e) € In the second iteration, we try to remov®,ay). By
TRG)\Q )(xy) €T} Step 2, seQ" «— Q\ {(0,a2)} and proceed to Algorithm
Step 5:Repeat Steps 1 to 4 until there are no further chang@4AX-FEA-SuB. By Step 1, we have2,0) € T. By Step
to Q. Then, seQ!F — Q and Teon#(QIF) — T. 2, sincef(2,a;) =4 and f(0,a;) = 1, we have(4,1) € T.
OuTpuT: Q'F and the corresponding set of confusable statéherefore, when performing Step 3 of Algorithm AM-
pairs Tsped Q'F). B FEA-SUB, we haveTeont(Q!F) N Tspec2 {(4,1)} # 0. Set

Theorem 5:The outputQ'F of Algorithm Max-Fea- D« DU{(0,az)}. Go to Step 4; sinc& # D, go back to
Sus satisfies Theorem 3, i.e., it is the maximum feasiStep 1.
ble sensor activation policy af. Furthermore, the output In the third iteration, we try to remove0,e;). It is

Teonf(Q'F) is the set of confusable state pairs unsf. easy to verify thaQ!" = Q\ {(0,e;)} with corresponding
_ Teonf(Q!F) = {(x,x) € X x X}. For the same reason as for
B. lllustrative Example (0,e1), we can remove0,ey) and (1,e;) in the fourth and

In this Section, we illustrate how Algorithm -SEn-  fifth iterations.
AcT and Algorithm Max-FEA-SuB proceed. To specify  In the sixth iteration, we try to removd, ay). SetQT «
Q and D for each iteration, we use square brackets t&\ {(1,ap)}. Go to Step 2 and proceed to AlgorithmaM-
denote that a transition has been removed and parenthebea-SuB as follows. By Step 0, seQ «— QT and T =
to show that a transition cannot be removed. The subscripféx,x) € X x X}. By Step 1, we havd — TU{(3,1)}. In
outside square brackets and parentheses are used to mark3tep 2,T does not change. Go to Step 4. Sir{@e3) € T,
order in which the transitions are examined. Suppose we afg ay) € Q, and(3,a2) € TR(G), setQ — Q\ {(3,a2)}. Go
examining then'™ transition; then the currem is the set of back to Steps 1 and 2; but there is no further change of
all transitions within parentheses that have a subscrigst leT. Thus, setQ'F «— Q, Teonf(Q'F) «— T, and go to Step
thann, and the curren® is all transitions inT R(G) but not 3 of Algorithm MIN-SEN-ACT. Since (3,1) & Tspes We
within square brackets that have a subscript less than ~ have Teont(Q'") N Tspec= 0. SetQ « QIF and Teont(Q)
Example 2:The system is modeled by automatgh Teont(Q'F). SinceD # Q, go back to Step 1.
shown in Fig. 2. LetE, = {ay,ap,€1,&} andE; = {e1,e}. In the seventh iteration, we try to remoyg, e;). Going
Suppose the purpose of control is to prevent deadlock #trough the algorithms, it can be verified tHate;) can be
state 5. Therefore, we need to disable evsrdt state 4 and removed. Thus, we hav@ — Q\ {(1,e1)}.
the automators describing the desired behavior is given by In the eighth and ninth iterations, we try to remd2ea; )
deleting state 5 together with transitioh e;) from A. Since and(3,a;) respectively. In both cases, by Step 1 of Algorithm
e1 is also defined at states 0 and 1 where it should not BdAX-FEA-SUB, we have state 4 in the unobserved reach of
disabled, we have thakpec= {(4,1),(4,0)}. state 1, i.e., we havlont(Q'F)NTspec2 {(4,1)} # 0. Thus,
By Step O of Algorithm MN-SEN-ACT, setQ =TR(G) we haveD —DU{(2,a1),(3,a1)}.
andD = 0. Go to Step 1; suppose we try to remo\®ea;) In the tenth (and final) iteration, we try to remoi& e;),



but it causes state 0 to be in the unobserved reach of state 4ln principle, one could repeat M-SEN-ACT with dif-
By Step 1 of Algorithm MaXx-FEA-SUB, we have(4,0) € T.  ferent orders for the transitions in Step 1; note that in this
Thus, we haveTyons(Q'F) NTspec2 {(4,0)} # 0. SetD «—  case, calculations made byAM-FEA-SuB could be saved
DU{(4,e2)}. Go to Step 4; we havd = Q andTon1(Q*) =  and reused. Selection of an appropriate order for consigeri
{(0,0),(1,1),(2,2),(3,3),(4,4),(1,2),(1,3),(2,3)}. transitions for removal and comparison of different minima
Note that the final result depends on the order in which theolutions are application-specific. An interesting avefare
transitions are examined in Algorithm IM-SEN-ACT. This future research is to embed INtSEN-ACT as a part of a
can be seen from Fig. 3, which gives an alternative minima&rger quantitative optimization problem. The computadio
solution for this problem. B efficiency of MIN-SEN-ACT makes such an approach attrac-
tive.

le;]).[e;],
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