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Optimal control for discrete event systems
applying multi-model approach

Asmae El Ghadouali, Oulaid Kamach, Benaissa Amami

Abstract— This work deals with operating mode management applied to discrete event systems (DES). Studied system presents several
operating modes due to the state space of explosion problem for complex systems. We propose a multi-model approach, where each
model describes a system in a given operating mode. We assume that only one attempted operating mode is activated at a time whilst
other modes must be inactivated. The commutation problem can be defined as compatibility problem when the behavior of the physical
system switches from an operating mode to another. The determination of compatible state, in the active mode, based on a succession of
generating events in past trace. This past events trace generates more information. Indeed, there are the other traces containing loops and
bring to the same accessible state. The treatment of this trace renders our compatibility approach [15] more complex and difficult to apply
to real cases. For that, we propose an optimal solution of events trace generated in the mode to be inactivated. We will be, thus, present
an algorithm to determine the optimal trace presented same information carried by the accessible current state after generated trace when

we change the active mode.

Index Terms— discrete event system, operating mode management, multi-model, switching mode.

1 INTRODUCTION

BSTRATED decomposition in modes is a current method

in industry to reduce the complexity of a system and

describes it. Several works on DES have attempted to
design a complex system through a mode management [1, 2].
However, the operating mode management remains a prob-
lem not yet perfectly restrained in the modal decomposition
[3- 5]. Some studies have focused on the automaton use for
representing modes [6,7] in bearing a reasonable size, while
either research deal with the problem of using several models
[8, 9]. However, very few takes into consideration the commu-
tation problem between different modes [10, 11].

In the proposed approach, we are interested in modeling
these operating modes by applying a multi-model approach
[7], which involves the process design model for each operat-
ing mode. The commutation between these operating modes
takes place when a particular event occurs, called commuta-
tion event. This event allows the switching from the mode in
which a system performs perfectly in its task, known as nomi-
nal mode, to a mode for continuing a task in spite of a failure,
known as degraded mode. In order to ensure the alternation
between these operating modes, we assume that only one
attempted operating mode will be activated at a time, whilst
other modes must be inactivated. Thus, the system can only be
in one mode, called active mode. Switching from a mode to
another mode returning to enable and disable the current
mode. The commutation problem can be defined as compati-
bility problem between different operating modes. The com-
patibility problem treated as the consistency of current states
[9-12] when a mode generates an event activating the other
mode. For is sure switching between different operating
modes when the observable commutation event occurs, a
static algebraic approach has been proposed in ours works [13,
15, 16].

Using a multi-model approach allows us to materialize the
commutation mechanism between different modes. The dy-
namic study of a system based on a succession of generating
events in past trace. This past events trace generates more

information. Indeed, there are the other sequences containing
loops and bring to the same accessible state. The treatment of
this trace renders our compatibility approach [15, 16] more
complex and difficult to apply to real cases. For that, we pro-
pose an optimal solution of events sequence generated in the
disable mode. We will be, thus, present an algorithm to de-
termine the optimal trace presented same information carried
by the accessible current state after generated trace when we
change the active mode. Our algorithm ensures to reduce the
complexity treatment to determine the current state in the
active mode applying the equation of compatibility proposed
in works [15, 16]. Our approach based on mathematical tech-
niques and the theory of finite state automaton.

This paper organized as follows: Section 2 covers the select-
ed design terminology of DES multi-model where the new
notions and extended models are introduced. Commutation
formalism between designed process models is also briefly
recalled in this section. Section 3 introduces our optimal solu-
tion for treatment of generated traces activated the current
state in the active mode. Study conclusions presented in sec-
tion 5.

2 MULTI-MODEL APPROACH

The system has various operating modes depending on the
configuration of engaged resources. An operating mode corre-
sponds to requirements and hence different commands, and
different resources. We discuss variable typology of model or
multi-model system. We use the automation model to describe
a system in a given operating mode where involves the activi-
ty of certain resources [1]. The management models have car-
ried out the decisions of resources. It leads resources of the
system from a configuration to another. The operating mode
and its engaged resources are modeled by the automaton in-
troduced by the following definitions:

Definition 1. Let Ry; = {R1,R,,...R;} a set of all resources en-
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gaged in the operating mode M;, where i € N*. A resource R is
modeled by an automaton G, = (Qr,) X, Or;» qr; 00 Qr,m), Where:

- Qp, is the activities set of the resource R;,

- Xy, is the events set of the resource R;,

- Op;: Qg X Zr, = Qp, is the transition function;

Vq € Qp,and Vo € Xp.. We note g, (q,0)!
(resp. 8g,(q, 0)!) si O, (q, 0)exist (resp. inexist).

This function can be extended as follows:

Op;: Qp; X X, = Qp, which Vs € Xz and Vo €JLp,

6Rl.(q,50') = 6Ri(6Ri(qv5)! 0) and Vq € QRl-' 6Ri(q' 8) =q,
- Qqgyo s theinitial activities of the resource R;,
- Qgym I8 the final activities set of the resource R, Qp,m < Qg;-

Definition 2. Let M a set of operating modes, where M =
{M1, Ms,...., Mj}, j € N*. For each operating mode M, we asso-
ciate to an automaton model
GMj = (QM]-: ZM]-' 5Mj' Am;0 QMj,m) where:

- QM]. is the set of states of mode M;,

- I u; is the alphabet of symbols,

-4 ;i Qu; X Iy, = Qu; is the partial transition function.

- duols the initial state in the mode M;, qu;o € Quy;

- Qujm is the subset of marker states in the mode M;,

Quym € Qu-

The set Z,T,,j contains all possible finite strings (i.e., se-
quence) over ZM]. and the null string €. The language generat-
ed by GMj, denoted by L(GM].), is also called the closed behav-
ior of GM].:

L(Gu)):= {s € Zy;16m;(qm;0,5)'} @

The global set of events, noted by X,pq, of a system is
given by the union of all alphabets Xy, of elementary automa-
ton models GM]. increasing by the set of commutation events
E;obal. Furthermore, the set of commutation events is disjoint
of the different set of models : Z;'zobal NZy, =@ (for M; € M).
Although, Xy, N Xy, (with (j,k) € (N)*2 and j # k) can't be
empty because it can be existed the common components
between these two modes M; et M,,.

In the proposed approach, the set E;lobal of commutation
events is defined as U7, jik{an,Mk} where gy v, presents the
event ensuring the switching between mode M; to mode M .
Moreover, from a mode M; a commutation event Opjm; Can
lead to another mode M; where [ can be lower or higher than j
(with also j # ). In other words, the classification of modes
doesn't present an activation order. Thus, the commutation
event gy, occurs and the process model becomes G, .

Definition 3. We define for each resource R;the automaton
model of normal functioning: G}fi = (Q,?i, E}é, 5,%, q}fbo, Q;%‘m),
with:

- Z'gi =2, \Z';“)i (2R, \Z,fi: difference set of Xp, and ZR‘:;,,

this is set of events of X, which don’t belong to Z';“;.};
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Z'Ei = (Z'Rl. N Z';;obal) is the set of commutation events of re-
source R;;
- Q}Leji = QRi \ QE-
QEi is the states set from which the commutation event
occurs, such that:
For each q € Qg, 30 € Z such that &g, (q,0);
For each q € Qg, et 0 € X, 8g,(q,0) .
- 6}251.: Qgi X 2;{.* - Qgi is the transition function. For
each q€ Qgi and S € 2}351.* if 6g,(q,8)!  then
6,4, 5): = 8r,(q, 5);
- qgi,o = qr;,0/
- Q}%m = QRi,m-
Example 1.
The proposed approach is illustrated by means of a produc-
tion example in Fig.1. This system comprises five machines Ri,
Rz, Rs, R4, and by one buffer B. The machines are used to pro-

cess a part and the buffer is used as storage between the ma-
chines with a maximal capacity of 1.

- Machine M4

Fig. 1. Production system with four machines and intermediate
stock.

b,

g

In this system, each machine R; is a resource used to re-
spond to a task defined by the designer. The machines operate
independently, where R; picks up a work piece from an infi-
nite being (modeled by event b;) and places it in buffer after
completing its function (symbolized by the occurrence of
event e;).

The shutdown state of machine R; is labeled by the activity
Ai and the running state by the activity Mi. It is assumed that
only R; can break down: P1 represents a state where R, is
broken due to malfunction and modeled by the event f;. Re-
pair of machine R; is modeling by the event ;. The automates
models machines R; (resp. R,, Rzand R,) are denoted Gg,
(resp. Gg,, Gr,and Gg,)( see Fig.2(a) (resp.Fig.2(b))). The dot-
ted arrows represent the commutation events. In this article,
we assume that the failure commutation events are observable
events.

Al

Ghli=1.2,3,4.5)

Gy li=1)

Gri(i=2.3.4,5)

Fig. 2. Automaton models of machines R; with i € {1,2,3,4}.
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In the operating mode model Gy, each state is described
by the activities set of resources and each engaged resource
have a unique activity in a given state. This will be introduced
by the following definition:

Definition 4. Each state q; € QM]. is the cartesian product of all
activities of resources engaged in the mode M;.

For example, we assume that two resources Ry and R, are en-
gaged in the mode M; respectively with {ag, ,ak },{ak,, a,}.

The activities of engaged resources in the state q; is defined by:

Ag; = {ak,, ak,} with Lk € {1,2} 2)

Proposition 1. The automaton model GMJ. = (QM]., ZMJ., SM].,
Q0 QM].,m) of operating mode M; is defined by the synchronous
product of normal functioning automaton models G}fi of the engaged
resources R; € RMj in this mode:

Formellement, GM]. ="(Ri€RMj) G}fi (3)

Example 2. Two operating modes are designed for the
overall system treated in the example (see Fig.1): a nominal
mode N, in which Ri, R2 and R« produce and a degraded mode
D, in which Rs replaces Ru.

The automaton model of nominal mode Gy and degraded
mode Gp, represented in the Fig.3 , are obtained by the syn-
chronous product of nominal automatons G RY modeling ma-

chines engaged in the studied mode. The automaton model
Gpo (see Fig.2(c)) built by removing commutation events
13

{f1, 71} from the automaton model Gp,.

Fig. 3 Automaton models of modes M = {N, D}

In this example, the set of events Z4;,5q; can be partitioned
into four sets: Zy = {by, ey, b,, €,,, by, €4} alphabet of nominal
mode N, Zp = {b,,e,, b3, e3b,,e,} alphabet of degraded

5
mode D and X454

However, in each switching mode Mj, we must correctly

= {f1,71} commutation events.

determine the start state after the commutation from model
GM].. To do this, we first have to extend the model Gy, (resp.
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GM].) by adding respectively inactive state q;p y, (resp. qin,Mj)
to states set of the model Gy, (resp. GM)') based on the concept

of signification state suggested by Dangoumau [1]. We use the
inactive state to ensure that the only one mode is active in a
time. The occurrence of commutation event OM My will lead
model GM]. to its inactive state Qinm; and the process model
G, will be activated from its inactive state g, Thus, the
active process model at a given time is the only model from
which the current state is different from the inactive state.
Reciprocally, the state of all inactive models is their inactive
state.

Definition 5. So the extended model for each operating mode

M; € M is given by automaton model GM]._et = (QMj_et,Z'M]._et,
5Mj,et» Amjoet QMj,m,et) in which:
- QMj,et = QMj U {qM].,in}, extended set states witth].,in an
inactive state ;
-~ Zujer =2y, U zﬁj with zﬁj = Zjy, U Ziy, with Ziy, (resp.
Z';,’}.) is the events set which activates (resp. deactivates) the
mode M i
if j=1isinitsinitial state
if j # 1 are assumed deactivated

_ mj0
Amj0.et vt in
- QMj,m‘et = QMj_m. (qin‘Mj will never be marked state);

- The extended transition function 6M].,ext is defined as fol-

lows :
Vq € QM]. and Vo € ZMj if (‘SMj(q, o)! then 5Mj,er(% 0):=
51\4]- (q, 0). This extended function is the same as transition function
if we consider only non extended alphabet Zy ;.

Vq € QMj from which commutation event o € Z',T,,’j can occurs,
then 5Ml.,et(q, o) = qujin’ extended transition function allows
model Gy to be deactivated if the commutation event occurs.

With regard to the process, the main aim of operating mode man-
agement is to define the start state of model Gy, , where the commu-

tation event OMj,my, OCCUTS (Amystart: = Ompext ([Amy,ins O-Merk))
and, in turn, the return state of process model GM]. (qM].,Smrt:=
6Mj.ext(qM,-.in, O'Mk,Mj)). The notion of start state defined in our

algebraic approach has been proposed in ours works [15, 16].
Example 3. By hypothesis, the occurrence of failure event f;
of machine R, can take place from states in the nominal mode
or the degraded mode D where the machines R; is in normal
functioning. Before continuing, we assume, henceforth that the
event return r; can occur only from states in the degraded
mode D when the machine R; has finished its task. Since there
is a common resource R, and R, engaged between the nomi-
nal mode and the degraded D mode. Then, the start states in
the degraded model are related to traces generated in the
nominal model. During a change of operating mode, the activ-
ity of common resource remains fixed. To ensure unicity of
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active current mode, we add in each model GMj, with M; €
{N,D} the inactive state qumjin illustrated in the extended
model GM].,et (see Fig.4). To raise the indeterministic problem,

we consider the following terminology: In each extended
model GM]-,et/ the commutation event ¢ will be replaced by

O-i lf Only lf 6Mj,et (qu,i' O-) = qu,in-

- Gym

//—\"\ : |
Jff#qu_'/ b A
[ & |b by fe.
[ A A
[ lqae ) L i
[N e _/ |
I

by |c| b |e ol |b
II'./_ e '/.\ 'I.;

Fig. 4 Extended automaton models of different operating models

3 OPTIMAL SOLUTION

Generally, we can consider the problem of finding a better
optimal trace of an achievable strategy as the accessibility
problem of a state. In this paper, all automata are considered
an accessible model; without loss of generality that is all states
are reachable from the initial state. The state trace over time
can be mathematically represented by a step function whose
value can change whenever an event occurs. Indeed, there are
events sequence containing loops bring to the same accessible
state. We propose an optimal solution of this sequence arriv-
ing at an accessible state in the active mode. We will describe
the proposed algorithm to find the optimal events sequence
contains the same information as the original activation se-
quence.

Definition 6. A sate q,.. € Qujet is accessible state of state

Astart € Qujet if exist the events sequence S € X ,T,,].,et such that
6Mj(q5tart'5) = Gacc-

Definition 7. The traces set that leave the state qs¢qy arviving at
the accessible state g is defined by the following language:

L(GM]-,et' start» Gacc) = {S € ZIT/Ij,etlaM]— (Gstare>S) = qacc} (4)

To facilitate the calculation, we propose an algorithm auto-
matically generates the optimal sequence to search the acces-
sible state q,¢. from the state qg¢qr¢-

Algorithm 1. Finding an optimal sequence S,p;
Requi”e-' Se L(GMJ-' qStart)/ Qstart € Qj,et s QaccCQMj,et
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Ensure: Sopt, qace € Qacc ™ Qe
Initially Sope = €
Qacc = {qStart}
o = dstart
i=jk=1
For all event o, € S and q; € Qe
qi = 6m,(qi-1, O%)
For all state q; € Qgec

If q; = q; then
i=j
Sopt = 01.03 ... 0
Else i=i+1
Sopt = Sopt -0k
end if
end for
k=k+1
end for
Qacc = qi

Return Sopt, Gace

Example 4. We deal as example the manufacturing system
presented in the example (see Fig.1). We consider two example
of generated sequence in the nominal mode (see Fig.5) in
which: S; = b;b,e e,b,b,b, and S, = b;b,e;eby; S, S, €
L(Gy,qn,) exists among the possible traces in the nominal
model Gy, with the start state being the initial state qggat =
dno- We apply our proposition to determine the optimal se-
quence S,y The proposed algorithm determines the following
solutions: S,y = b1byb, and S, 4, = by , with S, €
L(Gn, G0, Gn,s) and Sy o5 € L(Gr, Gn0, v 2)-

Tp=e;

a
@ /ﬁ\
or=b, Ty=b; Tr=€

qstart=q.n,ﬂ k=1 qn,z k=2 qn,3 k=3 qn,l

=b
Tp=Dy Jk:bz crk=b‘:

K=5 T
q k=6 qn.3 =7 qn,5=qc|;

n,2

(b)

Tr=e,

O-k:bl
k=1

Tp=23

ﬂﬂ\
a=b,
qn,3

Ystart=Gn,0 Yn,2 k=2

~_ok=b,

-\\-‘"'\‘ -
x=s An,2=9cc

Fig. 5. Example of tow differents sequences d’activation

Lemme 1: Let two different traces Sj1,Sj, € L(GMj,Zﬁj) be gen-
erated in the current model Gy According to the compatibility

approach [15], if the two sequences S;, and S;, have the same equa-
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tion projection in the alphabet X;, then they lead to the same accessi-
ble state in the mode to be activated where a switching event occurs.
Lemme 2. Let S; be an activation sequence generated in the mode
M; belonging to the language L (GMj,Zﬁj), with Sy, =
5152...(8iS141)™. ... This sequence contains an infinite loop
(s15141)™. Applying the proposed approach of optimal trace, the
sequence Sy,  has  same  optimal  solution  than
S’M]. = 51S2...51_1S142- - Sm. Indeed, since the event s; (resp. S;11)

activates (resp. deactivates ) a given state q; a given state in the
mode M;.

According to this lemma, even for an infinite activation se-
quence SM]. generated in the mode to be deactivated M; and

belonging to the language L (GMJ" Zﬁj), we can apply our step
to determine compatible detailed in our paper [15]. Our ap-

proach aims to determine the attainable and optimal trace to
minimize computational complexity.

4 CONCLUSION

This paper deals with the optimal solution of generated
events trace in the mode to be deactivate when a switching
between operating modes takes place. The determination of
compatible state, in active mode, is based on a succession of
generated events in past trace. Indeed, this past events trace
generates more information. Our approach propose the opti-
mal trace to reduce the complex and difficult to be applied the
proposed approach of compatibility to real cases. Our current
research is attempting to resolve the diagnosis of unobservable
events in real-time in a physical system applying multi-model
approach.
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