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Computational Complexity for State-Feedback Controllers with Partial
Observation

Gabriel Kalyon, Tristan Le Gall, Hervé Marchand and Thierry Massart

Abstract— We study the computational complexity of several
decision and optimization control problems arising in partially
observed discrete event systems. These problems are related
to the state avoidance problem where one must compute a
controller which prevents the system from accessing a set of
bad states and which is maximal for a defined criterion, based
on inclusion of the set of states remaining reachable after the
control. We focus our study on memoryless controllers.

Keywords: Discrete Event Systems, Controller Synthesis,
Partial Observation, Computational Complexity.

I. INTRODUCTION

Controller synthesis of discrete event systems (DES) has
been widely studied these last twenty years [1]. In the
particular case of the state avoidance control problem, the
controller C is valid for some DES 7 and a set of states
Bad, if C prevents 7 from reaching any state of Bad. Of
course validity is not sufficient to have a valuable solution
and permissiveness criteria [4], [9] allow to discuss the
quality of the solutions and to select the optimal one for
the selected criterion. Unfortunately in general, the controller
has only a partial (or imperfect) view of the system, since
in practice the observing material of the system to control
has a limited precision and some parts of the system can just
not be observed. This partial observation makes the problem
more difficult since in general, as we will see, it is no longer
possible to find the optimal controller and the algorithms are
hard.

In this paper, we study the synthesis of valid and “best
possible” controllers for partially observed discrete event
systems. We follow the approach taken by [6], where the
partial observation is modeled by a mask, corresponding to a
mapping from the state space to an observation space, and we
consider state-feedback controllers, whose control is based
on the current state of the system [12], rather than on the
string of events executed by it (event-feedback controllers).
Compared to the event approach, the state-feedback control
approach does not receive a lot of attention in the literature;
but, in particular cases, it has been seen to require a re-
duced computational complexity for partially observed and
non-deterministic systems [3]. We therefore formalize our
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state-based approach and study the complexity of various
interesting problems in this setting. More precisely, given
two controllers C; and Ca, we give a definition to say that
Cq is “better” than Co. The used model and the definition of
permissiveness are formalized in section II. In section III, we
then define the precise control problems that we study. We
motivate and formalize several synthesis or decision ques-
tions one may want to solve or answer, such as maximality
of a valid controller. We then study, in sections IV and V, the
complexity of these problems and show that they are hard
or that no polynomial algorithm can solve them unless P =
NP (where P stands for deterministic polynomial time and
NP stands for nondeterministic polynomial time).

Related works: The computational complexity of event-
feedback controller synthesis received a lot of attention in the
literature. Under full observation, it is proven in [2] that the
problem of deciding if there exists a controller such that the
accepted language of the corresponding controlled system is
included in a desired behavior is NP-hard when the system to
control is composed of several concurrent systems or when
the desired language is the intersection of several languages.
Under partial observation on the actions, Tsitsiklis proves
in [10] that the problem of deciding if there exists a controller
such that the behavior of the corresponding controlled system
lies between two languages (of actions) cannot be solved in
polynomial time (unless P = NP). When both languages are
equal, this problem can be solved in polynomial time for
the centralized [10] and decentralized [8] cases. Note that
we cannot use a transformation from these problems to the
problems we are interested in, because the transformation
would be exponential.

The state-feedback controller synthesis receives only re-
cently more attention. Given a set of allowable states (), a
controller with full observation, whose resulting controlled
system is the supremal subset of (), can be computed in
polynomial time [11]. In [9], properties of M-controllability
give a necessary and sufficient condition to synthesize a
controller with partial observation, whose resulting con-
trolled system achieves exactly a set of allowable states ().
When this behavior cannot be achieved, the authors propose
an algorithm to synthesize a controller, whose resulting
controlled system is a subset of (). Both algorithms have a
polynomial complexity. Unfortunately, the second one does
not always give a maximal solution w.r.t. set inclusion. Then,
a natural question is to know if there exists an efficient
algorithm to synthesize a maximal solution. In [3], the
authors generalize the results of [9] using a mask, which
is a covering (overlapping sets of indistinguishable states) of
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the state space instead of a partition, and a non-deterministic
system to control. The computational complexity of their
algorithm is also polynomial.

II. FRAMEWORK

We define in this section, the underlying model of discrete-
event systems and the notion of permissiveness.

A. Discrete Event Systems

Definition 1 (Discrete Event Systems): A discrete event
system (DES) is a tuple 7 = (Dy, Dy, %, 0, D,,) where:
(i) Dy is the set of states, (i7) Dy C Dy is the set of initial
states, (i74) ¥ is the set of labels, (iv) & : Dy x X s 2PV
is the transition relation, and (v) D,, C Dy is the set of
marked (accepting) states.

Notations: A predicate over the domain Dy is defined
as a subset P C Dy (the set of states for which the predicate
holds). The complement of a set H C Dy is denoted by
H. B = {tt, ff} denotes the set of Boolean values. 6(v, )!
denotes that ¢ is defined on (v, o). reach(7) C Dy denotes
the set of states that are reachable from the initial states of
T and reach(7,v) C Dy (for any v € Dy) the set of states
that are reachable from v in 7.

B. Means of Observation.

We consider systems with partial observation, where there
is an uncertainty about the real state the system is. This par-
tial observation is formally defined by a set of observations :

Definition 2 (Set of observations): A set of observations
of the state space Dy is a pair (Dops, M), where Dops is
the observation space and the mask M : Dy — Doy gives
for each state v € Dy the observation M (v) the controller
has when the system is in this state.

For each observation obs € Doys, M ~*(0bs) gives the set
of states v such that M (v) = obs. One can notice that the
mask M is a partition of the state space; but, the results we
prove in this paper hold even when M is a covering [3], [4]
of the state space.

C. Means of Control.

Following the Ramadge & Wonham Theory [7], [1], we
want adjoin a controller C, which interacts with the system
T in a feedback manner as illustrated in Fig. 1: the controller
observes the system and according to his observation delivers
the set of events that have to be disabled in order to
ensure the desired properties on the system. The control is
performed by means of controllable events. The alphabet X is
partitioned into the set of controllable events Y. and the set
of uncontrollable events X,.; only controllable events can
be forbidden by the controller. In our case, the controller
aims to restrict the system’s behavior to ensure a forbidden
state invariance property (i.e. to prevent the system from
reaching a bad state). The controller with partial observation
is formally defined as follows:

Definition 3 (Controller): Given a DES 7T =
(Dv, Dy, %, 06, D), and a set of observations (Dops, M), a
controller for 7 is a pair C = (S, E), where:

—L T Fep

S(obs) C
C=(5E) obs = M (v)
Fig. 1. Control under partial information

e S : Dops — 2% is a supervisory function which
defines, for each observation obs € Doy, the set S(0bs)
of controllable actions that have to be forbidden when
obs is observed by the controller.

e I C Dy is a set of states to forbid, which restricts the
set of initial states'.

The controller is memoryless, i.e. the current observation of
the system is maintained until the arrival of the next one.

The controlled system resulting from the feedback inter-
action between the system to control and the controller is
given by a DES whose transition relation and set of initial
states are restricted :

Definition 4 (Controlled DES): Given a DES 7 =
(Dv, Dy, %, 6,Dp), a set of observations (Doyps, M), and
a controller C = (S, E), the system 7 controlled by C, is a
DES 7)c = (Dv, (Do) /c, 2,6 /¢, D), where:

o (Do)jc=Do\ E

e §)c: Dy x X+ 2PV is defined by: [(v/ € (v, 0)) A
(0 € S(M(v)))] = (V' € /¢c(v,0)). An action o can
no longer be fired from a state v, if o is forbidden by
control in the observation state of v.

D. Permissiveness

The notion of permissiveness has been introduced to
compare the quality of different controllers for a given DES.
An obvious definition is :

Definition 5 (Permissiveness): Given a DES 7, and a set

of observations (Dops, M), a controller C; is more permis-
sive than a controller Cy iff reach(7;c,) C reach(7)c,).
When the inclusion is strict, we say that C; is strictly more
permissive than Cs.
Indeed, in our settings, it seems more coherent to define
the permissiveness w.r.t the states that are reachable in the
controlled system, rather than w.r.t. the language of the
actions that can be fired in the controlled system, since
the observations are (masked) states of the system and not
actions. However, we will see that in general, no optimal
controller exists. Notice also that two controlled systems with
the same reachable state space can have different enabled
transitions?.

Usually, when designing the controller, it may be asked
that the controlled system is deadlock free or non-blocking :

Definition 6 (Deadlock Free System): Given a DES 7 =
(Dv, Dy, %, 0, D), astate v € Dy is deadlock free if 3o €

'We suppose that the controller can restrict the set of initial states of the
system in order to prevent it from starting its execution in a bad state.

2We could have used an extended definition of permissiveness where if
two controlled systems have equal reachable state space, inclusion of the
transitions that can be fired from reachable states is also taken into account
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Y : d(v,0)!. Moreover, the system 7 is deadlock free if all
the reachable states of 7 are deadlock free.

Definition 7 (Non-blocking System): Given a DES 7T =
(Dv,Dy,%,6,Dy), a state v € Dy is non-blocking if
reach(7,v) N D,, # &. Moreover, the system 7 is non-
blocking if all the reachable states of 7 are non-blocking.

III. DEFINITION OF THE PROBLEMS

We start from the State Avoidance Control Problem
(SACP), where given a set Bad of forbidden states and a
system 7 to control, the problem consists in synthesizing
a controller C, which prevents the controlled system 7¢
from reaching Bad. In [11], the author proves that if 7 is
fully observed, there is a most permissive controller solving
SACP. This uniqueness result however does not hold when
the controller only has a partial observation of the system [4].

In this framework, our goal is thus to find a maximal solu-
tion, i.e. a solution such that no other solution is strictly more
permissive. This problem is called Maximal State Avoidance
Control Problem (Mgacp) and is formally defined by:

Problem 1 (Msacp): For a DES 7, a set of observa-
tions (Dops, M) and a predicate Bad, which gives a set
of forbidden states, the maximal state avoidance control
problem consists in computing a controller C = (S, E) such
that (safety) reach(7,c) N Bad = @ and (maximality) no
controller C’ = (S', E'), satisfying this condition, is strictly
more permissive than C.

In the following, we say that a controller C is valid if it
satisfies the property reach(7,¢) N Bad = @.

In section IV, we show that this problem is difficult to
solve when system 7 is finite, and is even undecidable [4]
when system 7 is infinite. Therefore, we may wonder
whether a given controller C (obtained for example by an
approximation algorithm) defines a good solution.

Several criteria may define what a good solution is:

1) no another valid controller C’ exists such that, for the
system 7, C' is strictly more permissive than C

2) in the controlled system 7)¢, a given set of states Min
is reachable (@ # Min C Dy)

We may wonder, in each case, how difficult it is to deter-
mine if C satisfies one of those criteria. The problem related
to the first criterion is named Maximal State Avoidance
Control Decision Problem (MgacDp) and is defined by:

Problem 2 (MgsascDp): For a DES 7, a set of obser-
vations (Doyps, M), a predicate Bad, which gives a set of
forbidden states, and a valid controller C = (S, E), the
maximal state avoidance control decision problem consists
in deciding if C is maximal, i.e. if there exists no valid
controller C’ such that C’ is strictly more permissive than
C.

The problem related to the second criterion is named
Interval State Avoidance Control Problem (Is4cp) and is
defined by:

Problem 3 (Isacp): For a DES 7, a set of observations
(Dops, M) and non-empty predicates Min and Max, which
give the minimum and the maximum set of allowable states,
the interval state avoidance control problem consists in

deciding if there exists a controller C = (S, E) such that
Min C reach(7)c) C Max.

Min can be seen as the minimum admissible behavior and
Max as the maximum admissible behavior (the controller
must prevent from reaching Max).

In section V, we prove that these problems are also difficult
to solve. An alternative is then to measure the quality of
the controller with a criterion which seems to be weaker
than the permissiveness: the number of states which remains
reachable after control. Of course this criterion gives limited
information since two solutions with the same number of
reachable states may be completely different, but one can
hope to solve efficiently the state avoidance control problem
with this simpler criterion of maximality. Unfortunately,
this problem is also difficult to solve, because we prove in
section V that the following problem is NP-complete:

Problem 4 (M Csacp): For a DES 7, a set of observa-
tions (Dops, M), and a predicate Bad, which gives a set
of forbidden states, the maximal cardinality state avoidance
control problem consists in deciding if there exists a valid
controller C = (S, E) such that |reach(7)¢)| > N (where
N e N*t).

In the sequel, we also consider, for all problems defined
above, the computational complexity for the cases where the
controlled system must be non-blocking and deadlock free.

IV. COMPLEXITY OF OPTIMIZATION PROBLEMS

In this section, we present complexity results for the
Maximal State Avoidance Control Problem, defined in
section III, and the deadlock free and non-blocking versions
of this problem.

Proposition 1: Mgacp is NP-hard.

A reduction of 3SAT into our problem will be used to prove
the proposition. Let us first illustrate the principle of the
reduction.

Example 1: Let ¢ be a boolean formula in Conjunctive
Normal Form (CNF) defined by: ¢ = (poV —p1 Vp2) A(po V
—p1 V p1).

We would like to construct from ¢ an instance of Mgacp,
and in particular a DES 7, = (Dy, Do, X, 9, D, ), in such
a way that a particular state (named t¢rue) of 7, will be
reachable in the controlled system iff ¢ is satisfiable. In our
example, ¢ is composed of 2 clauses and 3 variables. The
construction is the following:

« we create for each variable p; (Vi € [0,2]) the states’
Py, pk,pt, p?, p?, st;, st}, for each clause ¢; (Vi € [1,2])
the states ¢; 1, ¢; 2, ¢; 3 (i.e. one state for each literal of
the clause) and 4 additional states st, st’, bad, true (see
Fig. 2).

o the observation space Dops = {opo,op1,ops,ost}.
Thus, there is an observation state op; for each variable

pi of .

3A simpler construction can be defined without the states st;, st’i, but
T¢, is then non-deterministic. Thus, these states allow to make the system
to control deterministic.
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: action |

-----» : action L

: action o!

: action o?

Fig. 2.

Construction of 7.

o the states bad, true, st, st',st;,st; (Vi € [0,2]
are  indistinguishable  (i.e. M~ !(ost) =
{st, st', sto, sty sty, st} sta, sth, bad, true}) and
for each other state, the observation state of
its related proposition is observed (for example:
M~ (opo) = {p§, Pt PS> PG> PR €1,1, 42,1 }).

o there are 4 controllable actions T, L, o', o2 (see Fig. 2).

The construction is mainly composed of 3 parts (see

Fig. 2):

o with the part 1, a maximal valid controller must allow
at least one action (among T and L) in op; (Vi € [0, 2]).
Indeed, if not, the controller which forbids no action in
op; (Vi € [0,2]) and forbids only o2 in ost, would be
more permissive.

« with the part 2, a maximal valid controller, which allows
o' and o2 in ost, must forbid at least one action (among
T and 1) in op; (Vi € [0,2]). Indeed, if for example
{T,L} is allowed in opg, then bad will be reachable
from p} and p3 (through p} and p?) in the controlled
system.

e Thus, a maximal valid controller C = (S, E), which
enables o! and o2 in ost, must allow exactly one action
(among T and 1) in op; (Vi € [0,2]). Then, we can
create an one-to-one mapping between the choices of
the action to forbid among T and L in these states (the
function &) and the valuations val : {pg,p1,p2} — B
(which assign a value to the variables of ¢). We define
this relation as follows: (Vi € [0,2] : S(op;) = {1}
iff val(p;) = tt). It means that T is allowed in op; iff
the value of p; is tt. So, the part 3 is constructed in
such a way that from the state ¢; ;, if S corresponds

to a valuation val = ¢ (resp. val [~ ¢), then true
is reachable (resp. bad is reachable) in the controlled
system. Indeed, if the literal ¢; ; of a clause c; is
valuated to true, then from the state ¢; ; we can reach
liy1,; (or true if ¢; is the last clause) and if ¢; ; is
valuated to false, then from this state we can reach
l; j+1 (or bad if ¢; ; is the last literal of the clause).
For example:

— if wal is such that val(py) = wval(p1) = ff and
val(pz) = tt, then we traverse the states 1 1, {12,
€271, 52,2 and true.

— if wal is such that val(py) = ff and val(p;) =
val(p2) = tt, then we traverse the states ¢1 1, {1 2,
él’g, 82’1, 62_’2, 6273 and bad.

Note that, since bad cannot be reached in Mgacp, if

the formula is unsatisfiable, Part 3 (hence true) will not

be reachable in the computed solution.

Proof: Polynomial transformation from 3SAT to
Mgsacp. We consider a CNF formula ¢ over a set of
variables P = {po,...,px}: ¢ = Ai_y Cm, Where n, > 0
and the clauses ¢,,, = \/?:1 lpm,j. Bach £y, ; is a variable in P
(positive literal) or the negation of a variable in P (negative
literal). We denote by Cl the set of clauses of ¢.

An instance of Mgacp is built from 3SAT as follows.
First, we define the state space Dy, the observation space
Dows and the set of forbidden states Bad:

1) The domain Dy = {bad, true, st, st'}

U {sti, stj| Vi € [0,k]} U{p},p}, 07, p} P} Vpi € P}

@] {‘gm,h Em’z, gm,d| Ve € C|}

2) Dops = {opi|Vp; € P} U {ost}

3) Bad = {bad}

In the sequel, we denote Op = {op;| Vi € [0, k]}, the set
of observation states, ost excluded.

The states bad, true, st, st',st;, st (Vi € [0,k]) are
indistinguishable and for each other state, the observation
state of its related proposition is observed. Formally:

1) Yop; € Op, M~ (op;) = {p?, 0} 07,0} 07} U {lim,

m € [ Aj € [L3IA (g = po)V (by = 1))}

2) M~Y(ost) = {st, st’, bad, true} U {st;, st}| Vi € [0, k]}

Finally, we define the system 75 = (Dy, Dy, %, 0, D)

to control. The construction of 7y is such that true will be

reachable in the controlled system obtained by the resolution
of Mgsacp iff ¢ is satisfiable. Formally, 7, is defined by:

1) the set Dy, defined above.

2) the set Dy = {p]}.

3) the set of events ¥ = X.UX,. with X, =
{T,1,0%,0%} and ¥, = @. Intuitively, a transition
d(x, T) (resp. 6(x, L)) represents a valuation z = tt
(resp. = = ff).

4) the transition relation § defined as follows:

a) Vi € [O’k - 1] : 5(]3?7—'—) = 5(p?,J_) = {p?+1}'
Moreover, 6(p?, T) = §(p), L) = {st} (Part 1 of
Fig. 2).

b) d(st,ot) = {sto} and Vi € [0, k] : §(st;, o) = {st’}
and 6(st;,0%) = {p}}. Moreover, Vi € [0,k — 1] :
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6(st],o') = {stit1} and 0(st;,0?) = {p?}. And
(Stlm 2) {Pk} .

¢) Vi € [0,k] : 6(p},T) = {p}}. 6(p}, L) = {bad},
8(pl, T) = {st'}, 63, L) = {pi}, 00}, T) =
{bad} and §(p?, L) = {st'} (Part 2 of Fig. 2).

d) 5(8t/,0'1) = {€171}.

e) for the states of the clause ¢, (Vm € [1,n.—1]), we

define the following transitions:

i) if £, ; (for j = 1,2) is a positive literal,
5(€m,j7J—) = {£m7j+1} and 5(£m,j7—|—) =
{lm+1,1}. Otherwise, 6(€y, 5, T) = {€,,j+1} and

6(67717]'7 J~) = {€m+1,1}'

ii) if £, 3 is a positive literal, §(¢p,3,L1) =
{bad} and §({p, 3, T) = {lm41,1}. Otherwise,
5(£m,3, T) = {bad} and 6(€m,37 J_) = {£m+1,1}-

f) for the states of the clause c,_, we define the follow-
ing transitions:

i) if £, ; (for j = 1,2) is a positive literal,
6(ln.j;L) = {ln gy} and 6(6n ;,T) =
{true}. Otherwise, 0({y. j, T) = {ln, j+1} and
(ln, j, L) = {true}.

ii) if ¢,,3 is a positive literal, §(¢,, 3,L1) =
{bad} and 0(l,_3,T) {true}. Otherwise,
8(ly, 3, T)={bad} and 6(¢,,_ 3, L) = {true}.

5) the set D,,, = Dy (in fact, D,,, can have any value)

The algorithm to decide 3SAT is the following. From the
formula ¢, we build an instance of Mgacp as described
above. We get a controller C = (S, E) from an algorithm
solving Mg acp and we decide that ¢ is satisfiable iff true €
reach((7y)/c). If we prove this equivalence, then Msacp
is NP-hard, since 3SAT is NP-complete.

Proof of the equivalence: ¢ is satisfiable iff true €
reach((73) c), where C is a maximal valid controller.

We first prove that a maximal valid controller C = (S, E)
is such that {p{} ¢ E.

Lemma 1: The controllers C; = (S1, E1), with {pJ} €
FE, are not maximal.

Proof: reach((7y)/c,) = @, because the set of initial
states in the controlled system is empty, i.e. (Do),c, = @.
The controller, which forbids only o2 in ost is valid and
more permissive than C;. ]

In what follows, we will use the notation IS to denote a
subset of Dy which does not include {p]}.

Then, we prove that a maximal valid controller must allow
at least one action (among T and L) in each observation state
of Op.

Lemma 2: If C = (S,1S) is a maximal valid controller,
then Vop; € Op : S(op;) # {T,L}.

Proof: Suppose there exists op; € Op such
that S(op;) = {T,L1}. Then, reach((7y),c) C
{08,p9,...,p%,st}. The controller, which forbids only
o? in ost is valid and more permissive than C. But, it is a
contradiction with the fact that C is maximal. |

This property implies that st is reachable in the system
controlled by a maximal valid controller.

Now, we prove that a maximal valid controller must forbid
at least one action (among T and 1) in each observation state
of Op (if o' and o2 are allowed in ost).

Lemma 3: If C = (S,IS) is a maximal valid controller
and if 01,02 ¢ S(ost), then Yop; € Op : S(op;) # 2.

Proof: Suppose that op; € Op is such that S(op;) = @
The set {p;,p?|Vi € [0, k]} is reachable in (73) ¢, because
ol,0% ¢ S(ost) and by Lemma 2. In particular, p} and p?
are reachable. Since, no action is forbidden in these states
the state bad is reachable from these states (through p and

) But, it is a contradiction with the fact that C is valld |

For the controllers which forbid exactly one action (among
T and 1) in the states of Op, we have an one-to-one
mapping between the choices of the action to forbid among
T and L in each observation state of Op and the valuations
val : P — B (which assign a value to each variable of P).
We define this mapping as follows: Vi € [0,k] : (S(op;) =
{L} iff val(p;) = tt). It means that T is allowed in op; iff
the value of p; is tt.

Lemma 4: Let C = (S, 1S) be a maximal valid controller.
If ¢ is not satisfiable, then o' ¢ S(ost) and 02 € S(ost).
Hence, true ¢ reach((73)c).

Proof: Suppose that 0! € S(ost), then C is not
maximal, because the controller, which forbids only o2 in
ost, is more permissive than C.

Now, suppose that 02> ¢ S(ost). Then, by Lemma 2
and 3, a maximal valid controller must forbid exactly one
action among T and L in the states of Op and ¢ €
reach((7),c). Let val : P +— B be a valuation. Since, ¢
is not satisfiable, there exists at least one clause ¢ € Cl such
that val i~ c. Let ¢; be this first clause (then ¢1, ..., ¢ 1 are
satisfied by val). Then for all 1 < m < j, ¢,, is satisfied and
by the construction of 7y, there exists a path between ¢, ;
and ¢,,+11 in the controlled system. But, since val (= c;,
the state bad is reachable from /; 1 it is a contradiction. H

Lemma 5: Let C = (S, 1S) be a maximal valid controller.
If ¢ is satisfiable, then true € reach((73)c).

Proof: Let C; = (S1,IS) be a controller such that
ol,0? ¢ Si(ost) and the choice of the action to forbid
among T and L in the states of Op corresponds to a
valuation val’ : P +— B satisfying ¢. Such a valuation
exists, since ¢ is satisfiable. Now, we prove that true €
reach((73) ¢, ). The state {1 ; is reachable, because o', 02 ¢
S1(ost). Similarly as above, since each ¢, (1 < m < n.)
is satisfied by wval’, there exists a path between ¢, ; and
ln+1,1, and bad is not reachable from £, ;. Moreover, since
val’ |= ¢y, there is a path between ¢, 1 and true, and bad
is not reachable from /,,_ ;.

Clearly, C; is more permissive than any valid controller
Cy = (82,1S) with o' € Sa(ost) or 02 € Sy(ost). Thus,
for ¢ satisfiable, a maximal valid controller C3 = (S3, IS) is
such that o1, 0? ¢ S3(ost), and, by Lemma 2 and 3, must
forbid exactly one action among T and L in the states of
Op

By the proof of Lemma 4, the valid controllers C4 =
(84,1S), whose function Sy is constructed from a valuation
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not satisfying ¢, are such that o' € Sy(ost) or 02 € Sy(ost).
Indeed, if not, bad would be reachable. In consequence, these
controllers cannot be maximal.

Thus, for ¢ satisfiable, the maximal valid controllers Cs =
(S5, 1S) are such that o' 02 ¢ Ss(ost) and the choice of
the action to forbid among T and L in each state of Op
corresponds to a valuation satisfying ¢. As shown above,
true is reachable with these controllers. ]

In conclusion, by Lemma 4 and 5, if C is a maximal valid
controller, then ¢ is satisfiable iff true € reach((73),c). B

One can note that the system 74 is deterministic. Thus,
Proposition 1 holds for deterministic systems to control.
Moreover, the propositions we prove in the sequel will also
hold for deterministic systems.

Now, we can easily obtain the same result for the
Deadlock Free Maximal State Avoidance Control Problem
(DFMgacp) (ie. solving Mgacp so that the resulting
controlled system 7/ is deadlock free). This problem is also
difficult to solve.

Proposition 2: DF Mgacp is NP-hard.

Proof: The proof consists in a reduction from Mgacp
to DFMgacp. From 7T = <Dv,D0,E,(5,Dm>, we build
the system to control 7,, = (Dy,Dg, %, n, D,y,) for the
instance of DF Mg scp, where:

e ¥, =X U{o,}. The new action o,, is uncontrollable.
e Yv € Dy,Vo € X : §,(v,0) = 6(v,0). Moreover,
Vv € Dy : 6(v,0,) = {v}. Thus, o, can be fired from
any state v € Dy and loops on v.
(Dops, M) and Bad do not change for the instance of
DFMgsacp.

Now, we prove the correctness of the polynomial transfor-
mation. For that, we show that a controller C is a solution of
Mg acp iff it is a solution of DF Mg cp. This equivalence
holds, because 7,, contains only deadlock free states. | |

The Non-blocking Maximal State Avoidance Control
Problem (NbMgacp) (i.e. solving Mgacp so that the
resulting controlled system 7,c is non-blocking) is also
difficult to solve.

Proposition 3: NbMgacp is NP-hard.

Proof: The proof consists in a reduction from Mgacp
to NbMsacp. From 7 = <DV7 Do, 2, 9, Dm>, we build the
system to control 7’ = (Dy, Dy, 2,0, D’,,,) for the instance
of NbMgacp, where D', = Dy. (Dops, M) and Bad do
not change for the instance of NbMgacp.

Now, we prove the correctness of the polynomial transfor-
mation. For that, we show that a controller C is a solution of
Mg acp iff it is a solution of NbMgacp. This equivalence
holds, because Vv € Dy : v € D’,,, and thus 7’ contains
only non-blocking states. |

V. COMPLEXITY OF DECISION PROBLEMS

We demonstrated that Mg o p is NP-hard. However, it is
quite easy to find a “good” valid controller [3], [4], [9], but
without the certainty that it is a maximal one. In Section III,
we gave some quality criteria and defined the problems

related to those criteria. We now give complexity results for
those decision problems.

A. Maximal State Avoidance Control Decision Problem

Proposition 4: MgacDp is coNP-complete.

Proof: We prove that the complementary problem of
MgacDp (named MgacDp), which consists in deciding
if there exists a valid controller C’ strictly more permissive
than C, is NP-complete.

First, we prove that MgacDp € NP. Given 7,
(Dows, M), Bad and C, we select a controller C’ = (S, E'),
and test that C’ is valid and strictly more permissive than C.
These properties can be verified in polynomial time. If C’
satisfies these properties, then it is a solution to MgacDp.
Therefore, MsacDp € NP.

The second part of the proof consists in a reduction from
3SAT to MgacDp. An instance of MgacDp is built from
3SAT as follows. The system to control 7, the set of
observations (Dops, M) and the set Bad are built as in the
proof of Proposition 1. The controller C = (S, @) is built as
follows for the supervisory function S:

%) if obs € Op

§(obs) = { {0?} if obs = ost

Now, we prove the correctness of the polynomial trans-
formation. For that, we show that ¢ is satisfiable iff there
exists a valid controller C’ strictly more permissive than C.
This equivalence is proven as follows:

o If ¢ is not satisfiable, then there exists no valid con-
troller C’ strictly more permissive than C. Indeed, by
Lemma 4, if ¢ is not satisfiable, then a maximal valid
controller allows ¢! in ost and forbids o2 in ost. In
consequence, C is a maximal valid controller.

o If ¢ is satisfiable, then there exists a valid controller C’
strictly more permissive than C. Indeed, the controller
C; defined in the proof of Lemma 5 is valid and strictly
more permissive than C. |

The deadlock free (DFMgacDp) and non-blocking
(NbMgacDp) versions of this problem are also coNP-
complete [5]. The proof consists in a reduction from
MgacDp to DFEMgacDp (resp. NbMgacDp) and the
polynomial transformation is based on the one of Proposi-
tion 2 (resp. Proposition 3).

B. Interval State Avoidance Control Problem

Proposition 5: Isacp is NP-complete.

Proof: First, we prove that Isacp € NP. Given 7,
(Dops, M), two predicates Min and Max, we select a con-
troller C = (S,FE) and test that Min C reach(7,c) C
Max. This property can be verified in polynomial time. If
C satisfies this property, then it is a solution to Isacp.
Therefore, Isacp € NP.

The second part of the proof consists in a reduction from
3SAT to Is4cp. An instance of Ig 4cp is built from 3SAT as
follows. The system to control 74 and the set of observations
(Dops, M) are built as in the proof of Proposition 1. We set
Min = {true} and Max = {bad}.

440

Authorized licensed use limited to: UR Sophia Antipolis. Downloaded on April 13,2010 at 12:41:46 UTC from IEEE Xplore. Restrictions apply.



Now, we prove the correctness of the polynomial transfor-
mation. For that, we show that ¢ is satisfiable iff there exists
a controller C such that Min C reach((73),c) € Max. This
equivalence is proven as follows:

o If ¢ is not satisfiable, then there is no controller C such

that Min C reach((73),c) € Max. Indeed, a controller
C solving Isacp must prevent from reaching bad,
because if not, reach((7y),c) £ Max. Then, Lemma 4
remains valid, i.e. if ¢ is not satisfiable, then true is
not reachable in the system 7, controlled by a valid
controller. Thus, there is no controller C such that
Min C reach((7y)/c) € Max.

o If ¢ is satisfiable, then there exists a controller C such
that Min C reach((74),c) € Max. Indeed, if ¢ is
satisfiable, then the controller C; defined in the proof
of Lemma 5 is such that true is reachable and bad is
not reachable. This controller also satisfies that Min C
reach((73)/c,) € Max. Thus, there exists at least one
controller solving Isacp. |

The deadlock free (DFIsacp) and non-blocking
(Nblgacp) versions of this problem are also NP-
complete [5]. The proof consists in a reduction from Isscp
to DFIgacp (resp. Nblsacp) and the polynomial trans-
formation is based on the one of Proposition 2 (resp. Propo-
sition 3).

C. Maximal Cardinality State Avoidance Control Problem

Proposition 6: MCgsacp is NP-complete.

Proof: First, we prove that MCsacp € NP. Given 7,
(Dows, M), and Bad, we select a controller C = (S, E)
and test that C is valid and |reach(7,c)| > N. These
properties can be verified in polynomial time. If C satisfies
these properties, then it is a solution to M C's o¢ p. Therefore,
MCsacp € NP.

The second part of the proof consists in a reduction from
3SAT to MCgsacp. An instance of M Cgacp is built from
3SAT as follows. The system to control 7y, the set of
observations (Dops, M) and the set Bad are built as in the
proof of Proposition 1. We set N = 3.k + 5.

Now, we prove the correctness of the polynomial transfor-
mation. For that, we show that ¢ is satisfiable iff there exists
a valid controller C such that [reach(7)¢)| > 3.k + 5. This
equivalence is proven as follows:

o If ¢ is not satisfiable, then there exists no valid con-
troller C such that |reach(7)c)| > 3.k 4 5. Indeed,
by Lemma 4, if ¢ is not satisfiable, then a maximal
valid controller allows o! in ost and forbids o2 in ost.
In consequence, all valid controllers C are such that
[reach(7)c)| < 3.k + 5.

o If ¢ is satisfiable, then there exists a valid controller C
such that |reach(7)¢)| > 3.k + 5. Indeed, the controller
C; defined in the proof of Lemma 5 is valid and such
that |reach(7)¢)| > 3.k + 5. |

The deadlock free (DFMCgacp) and non-blocking
(NbMCsacp) versions of this problem are also NP-
complete [5]. The proof consists in a reduction from
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MCsacp to DEMCgacp (resp. NbMCgacp) and the
polynomial transformation is based on the one of Proposi-
tion 2 (resp. Proposition 3).

VI. CONCLUSION

In this paper, we considered the computational complexity
of several problems. We studied the problems consisting in
() computing a maximal solution for SAC P, (ii) deciding if
a given controller is maximal, (4i7) deciding if there exists a
solution within a range of behaviors, (iv) deciding whether
there exists a valid controller, for which a given minimal
number of states is reachable in the resulting controlled sys-
tem. We proved that no deterministic polynomial algorithm
can solve these problems (unless P = NP). These proper-
ties hold for deterministic and non-deterministic systems to
control and also when the deadlock free or non-blocking
properties must be ensured.

A potential approach for future research is to develop
efficient approximate algorithms using for example the lin-
ear programming. Another area for future research is to
study sub-cases of the considered problems, where we make
assumptions on the problems, to make their computation
easier.

VII. ACKNOWLEDGEMENTS

The authors would like to thank Prof. J-F. Raskin and
Nicolas Maquet for their helpful insights.

REFERENCES

[1] C. Cassandras and S. Lafortune. Introduction to Discrete Event
Systems (2nd edition). Springer, 2008.

[2] P. Gohari and W. M. Wonham. On the complexity of supervisory
control design in the rw framework. IEEE Transactions on Systems,
Man, and Cybernetics, Part B, 30(5):643-652, 2000.

[3] R.C. Hill, D.M. Tilbury, and S. Lafortune. Covering-based supervisory
control of partially observed discrete event systems for state avoidance.
In 9th International Workshop on Discrete Event Systems, May 2008.

[4] G. Kalyon, T. Le Gall, H. Marchand, and T. Massart. Control of
infinite symbolic transition sytems under partial observation. Accepted
to European Control Conferences, 2009.

[5] G. Kalyon, T. Le Gall, H. Marchand, and T. Massart. Results of np-
completeness for state-feedback controllers. Technical report of the
verification group 121, Université Libre de Bruxelles, March 2009.

[6] R. Kumar, V. Garg, and S.I. Marcus. Predicates and predicate trans-
formers for supervisory control of discrete event dynamical systems.
IEEE Trans. Autom. Control, 38(2):232-247, 1993.

[71 PJ. Ramadge and W.M. Wonham. The control of discrete event
systems. Proceedings of the IEEE; Special issue on Dynamics of
Discrete Event Systems, 77(1):81-98, 1989.

[8] K. Rudie and J. C. Willems. The computational complexity of
decentralized discrete-event control problems. IEEE Transactions on
Automatic Control, 40:1313-1319, 1995.

[9] S. Takai and S. Kodama. Characterization of all m-controllable
subpredicates of a given predicate. International Journal of Control,
70:541-549(9), 10 July 1998.

[10] J. N. Tsitsiklis. On the control of discrete event dynamical systems.
Mathematics of Control, Signals and Systems, 2(2):95-107, 1989.

[11] W.M. Wonham. Lecture notes on control of discrete-event systems.
Technical report, University of Toronto, 2005.

[12] W.M. Wonham and PJ. Ramadge. Modular supervisory control of
discret-event systems. Mathematics of Control, Signals, and Systems,
1(1):13-30, 1988.

Authorized licensed use limited to: UR Sophia Antipolis. Downloaded on April 13,2010 at 12:41:46 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


