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Abstract—This work deals with operating mode management
applied to discrete event systems (DES). Our approads multi-
model based on the information on system states; & model
describes a system in a given operating mode. Indgr to ensure
the alternation between these operating modes; wessume that
only one attempted operating mode is activated at time, whilst
other modes must be inactivated. The commutation ptdem
may be defined as finding compatible states, wherostrolled
physical system behavior switches from one operagnmode to
another. For this purpose, we propose an optimal gbrithm to
find compatibles states when a switching occurred.

I. INTRODUCTION

This paper is organized as follows:

Section 2 introduces selected DES multi-model desig
terminology and notation. Section 3 deals with fimenalism
applicable to the problem of commuting between glesi
process models. The algorithm allowed to genetstartodel
of faulty mode is also briefly recalled in this 8en. Section
4 provides a simple example which illustrates tbe notions
and extended models introduced in this. Study emimhs are
presented in Section 5.

IIl. MULTI-MODEL APPROACH

A system generally presents several operating mades

In the framework of the safety control of discretgoropose a multi-model approach that involves reprisg

event systems, the abstracted decomposition in snislea
current method in industry to reduce the complexifya
complex system and to describe it. Several worksSaD
have attempted to help conception of a system ¢firca

complex systems by several simple models. Each mode
characterizes the typology and behavior systemlwedoin
these different modes. Activation and inactivatioh an
operating mode is following the occurrence of a cwtation

management of mode [1,2]. However, the operatingleno event. This event allows switching from the modat gystem

management remains a problem not yet perfectlyaiesd in
the modal decomposition [3,4]. Some studies focuthe use

performs perfectly its task, known as nominal modih a
mode for continues a task despite a failure, knoam

of automata modes to represent modes [5,6] beasingdegraded mode. A real system involves a set of manaind

reasonable size, and others works deal with thelg@mousing
several models [7,8]. But, very few take into cdesation the

degraded modes. We suppose in our approach thenabmi
mode will always be considered the first selectedden

problems of commutation between the modes and tlfiitially enabled).

validation of alternation mechanism [9, 10, 11].

Different system use corresponds to different dpega

Let a set of operating modes is denoteddfl,2,...,n}
where N andn> 2°. By convention, we assume initially

modes. Adjustment and maintenance modes are example that the actived mode is mode 1. For each operatiodei,
other operating modes that are also necessary Her twve associate an automata mo@&t(Q, i, &, G, Qim)

production system. We are interested in modelingségh
operating modes by applying a multi-model approgdh
which involves designing model process control &ach
operating mode. We suppose that the system candsged
only in one operating mode at a time. The comnmutati
between these operating modes takes place whertieufza
event called commutation events occurs. Using di-madel
approach allows us to materialize very simply tracking
mechanism. The dynamic study of the system is based
succession of generated events. Although, the anisin of
control by the dynamic approach enables the ugsbeopast
events trace, this trace gives much richer infoionatThe
determination and the calculation of these trace&kenthe
proposed approach more complex and difficult
impossible) to be applied to real cases. To oveecadhis
problem, we focus on the static approach, by gipirigrity to
states and particular to the current state of thizea mode.
We will thus present algorithms which are based tio:
information carried by the state of the system rdeo to
ensure commutation between the operating mode $odiiretd
the states compatible when we change the activem@adr
approach is based on mathematical approaches arletbry
of finite state automata.
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whereQ; : is a set of states of mode; : is the alphabet,s;:
QX% — Q is the transition function (partial functiorg,o
€Q; is the initial state an®;, €Q; is the subset of marker
states. For any statEQ; and eventeX;, we write §;(g,0)!
(resp.di(q,0)!) if 8;(qg,0) is defined (resp. isn't defined). The
events setX of a system is given by the union of all
alphabets of elementary automata models increaseg theb
set of commutation eventX.. Furthermore, the set of
commutation events is disjoint of the different gktmodels:
NZ=@ (for i€{1,2,...n}). Although, XNX; can't
empty (common components between modes). As for the
alphabets of modes, the set of commutation eveamsbe
divided into disjoint sets the controllable everamd

(onncontrollable events.

I1l. COMMUTATION BETWEEN DIFFERENT MODELS

A. Principle of our approach

Multi-model approaches to Discrete-Event-Systems
(DES) are ideally suited for implementing operatimgde
management and inter-mode phase switching. Proldets
as switching and model tracking must therefore thwisd.

The operating modes represent the set of acceptable
behaviors of the system for a given configuratioh o
resources. Thus, this system doesn't require atipoments

in each operating mode. We assume that the prouedsl|
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can change its structure when commuting from oregaijng A stateq; of modei is written:

mode to another by engaging new components. Ftarics, q; = (a},a?) with I, k € {1,2} 1)
Fig. 1 shows that there are common resources edgageo

operating modes and some resources doesn't cotetriou Definition 2: (Compatible state)

product;otr) |nf mode 'a .blt"t they mfterver:je then A A stateq; of the mode is compatible with the stafeof the
commutation from moda 1o ] IS performed. .ommon modej, where the common resources of these two states ha
resource engagements are possible in each corsidede the same activities

anq th.e. concept of tracking is introduced. This msea Formally, letEy;, Ey respectively the activities set of the two
maintaining a trace of events that have occurredtlie statesg andg, with:

common components. During this engagement, thetsie v kENEIE ' (Ji v k.ENeE " such that -

and the task of the system are fixed. The occueredfca i aiad vaj 3 :

commutation event leads to the modification of streicture E.=(al, d?,....a?) andE,=(al, d?,...,a™)
(ARt AL E Rt | J 1

(engagement or disengagement of resources) oasethat gt
will be considered to engage the new system inffardnt Let R;; = (af,afﬂ, a{‘) with [ >1 et k<n, the
mode. common resources set between the moded the modg.
The statey is compatible witty iff
Not existent resource i New engaged
the mode resource: Ea NE4CRy (2)
Mode i Mode j

Definition 3: (Commutation matrix)
The commutation matrid ,myiS @ structural representation
g é'- of the active modeB,=(Q,, Za, da, Ga,0, Qam)- This matrix has
£ y v the dimensiorNaxNe respectivelyNa the number of exist
in activities (lines) andNe the number of the possible events
(columns).
Let Mcomui EaXZa— Z such that

Common engaged resources
the mode i and mode |

Figure 1. Common resources of the modemd,;. 1if [aOE, /5a(a,cj)= a )
The switching mechanism, characterized by inforomati M omut = (G ) oz =1 ~1 1 3, (%101)5 E.
channels, is based on a set of traces generatin imodel 0 if 3, (a,. ,oj)—- I(doesnt exist)

previously inactivated, to determine a currentestiar the . ) » ) )
recently activated model without losing informaticelated With, 8,:E, X 2, = E, is the transition function (partial
to a change of mode. Considering a typology suehttiere function)in the active mode.

is still a subset of common resources between twoes Let Eq; = (a},af, ..., al") the activities set of a saig in the
(see Fig.1), it will be necessary to follow the lexion of this  active mode. For every! € E,; and ¢ € X,. We write
mode to correctly determine the states from which &a(ag‘,a)! (resp.Sa(ag‘,a)—.!) if 8,(q;,0) defined (resp.

functional connection will be allowed. The trackingjsn't defined). This function can be extended di®vs:
implementation allows determining the connectiatesti.e.,

— 1,2 k n —
the state of the adequate novel mode with the stata %a(di:9) =8a ((ai'ai""'ai""'ai )‘0> =
which the commutation event occurred. This helpstas (5a(ai1,g),5a(ai2,g), ___,5a(a§¢,a),__,,5a(ay, o')) (4)
determine the compatibility when a switching takdace.
When a commutation event (failure or repair evejurs, For facilitate the calculating of the compatibilityatrix, the
the system will switch to another operating modeesented transition function 8§, can be written as matrix
by its modelG;. In this caseG; must be directed to a statepresented all possible transitions between thevitiet in the
compatible with system evolution. The aim is therefto active mode. Thus, we can write:
determine the possible compatible states of ea@matpg Letd, : E, X £, = E, such that
mode. Thus, the compatible states are a set of comm .
resources between the two modes that have the activity ~ %a = (tij(i,j)eNz tel que t;; = assi 8,(a;,05) = a ®)

in the two states considered. I
Definition 4: (Occurrence vector)

hOur ap%roach aims to ensure abr|'e”abr|1€ commutatiQiy v/, the occurrence vector, it is a resultant vectorttsy
when a mode generates an event enabling the obee.mn e ction of events for a trace of modn the modg. Its

our algorithm, we develop mathematical techniqueesul to component of ordef represents the number N how often

make our approach certain. First of all, we defime notion o . . oo
of the state and compatible state, thereafterntathematical :Z:Etez](’:elzs the active modg, appears on the activation

elements used in our approach will be detailed.
hp Vo %N such thato€Z;:

B. Notations & definitions
Definition 1: (Etat) v, (0) :{
A stategq; of the mode is the cartesian product of all

activities.of resources engaged in this mode. In order to understand the scope of our proposal, w
Example: we suppose that two resources Rl and®2 ar  consider in the first place the case limited to wyerating

involved in the modérespectively with(ai, a3), (af, a3) modes. The generation of several modes will ber late

0 else
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presented. This generation will not be limited ortty to modej. The management modes consist to in ensurmthe
increasing the number of modes but will also cdontthe permitted path of then modes retained by the designer.
different possible combinations of switching betwesodes. Moreover, from a modea commutation event can lead to
Our approach applies to the mechanism for switchingnother modek wherei and k are bound by any particular
between different models, which have been extenged order relation. In other terms, the classificat@irthe modes
determine their compatible connection states. Ripdihe doesn’'t present an activation order. Thus the cotatian
states from which these models need to be activathidst event o; (with i#k) occurs, the mode model becon@
ensuring adequacy between current process dynaamds model. Then the occurrence of a commutation eugitan
control decisions, has solved the problem of thelaeism switch to a mode; wherej can as well be lower or higher
for switching between models. than k (with also j#k). This commutation mechanism is

Each existing state in the active model is desdrifpeset Hlustrated by Fig.2.

of its activities. First of all, we determine thetigities ay; i a
characterized the compatible state. £ean events sequence |  ,--~""~~._ .- "77Ts<7777C

generated in the inactive model bythe arrival o] —< Sl A U
commutation event. The states connected in thevaictn e G |-+ G }—- G ——i G [---| G |--+| Gn
L3 oy

sequences, are selected by the product of the commutatio

matrix and the number occurrences events of thaveact s

mode in  this  sequence. Taking into account the

information related to the initial state allows u$o Figure 2. Commutation between different model modes
determine the activities of inexistent resourcethainactive

mode. Proposition 3: (Fundamental equation)

Proposition 2(Fundamental equation) Considering several operating modes, the compasiiale is
defined as its vector activitids, ; in the model newly active

The vector activities of compatible steig. in the model =(Qa Za 8 -
. g . =(Qa Za 04 Gho Qum) When activation sequen& takes
newly activeG,=(Qx, Za, 84 Ga0 Qam) When a commutation plaace,a}t is gi\a/en as follow:

takes place, it will be determined by:
Pa (Ea,d=Pa (Ea 0+ Mcomu* Vo(S) (11)

Pa (Ea,d=Pa (Ea0)+ Mcomu* Vo(S) (7) - . .

) ) Where, The vectorg, is given by the horizontal
Where, S, is the sequence of generated events in the moq@jcatenation of all vectors activities of initithte in each
disabled by the occurrence of a commutation ev&he mode: Es={ Exo...., Eo..., Eor...r Fad)

vectorE, g is activities of initial state.
The commutation matrix is defined as the direct @frthe
commutation matrix characterized in each mode:

The projectionP, presents the projection vector of activitie _
stateq; upon the activities séf, of existing activities in the Meomu={ Meom, £-.© Meomu, ®- - @Meomu, @ Meomur. &

Definition 3: (Projection matrix)

active mode. This is defined as follow: The occurrence vector is given by the vertical
_ ) concatenation of all projection of events for traneeach
Let Fy:Eq; ~ {1,0} such that mode: Vo(9={ V(... Vai( ;... VoS- Vo I}
P, (Ea) = ®i)kena = {1 if 3a€E.;/E,(k)=a @) All these history compatibility are required to efehine
a a,i k/k<na . . A . .
0 else the starting states in each mode to which switchaagls.

The Compatib|e Statqa’C is given by the projection of its Based on the definition of the mathematical elememe

activities on the descriptive activities matrix€Xpose thereafter the frame of the proposed akgoritor
P, ,, Of existing states in the active mode. determine the compatible states in an active mode.

) C. Algorithm

qa,c = q/a X Pa (Ea,c) ) . )
o . o The algorithm proposed, gives a fundamental equnato
The projection matrixP,,, presents projection of eachfind the compatible states when the system switétoes an
existing state on the activities set in the acthatle. This is a operating mode to another mode. This algorithm based
matrix of dimension lyxNa with Ng is the number of sates on the concepts defined in advance. It is aboutrtgsition
Q=(G)iznen  Of the model (lines) andlla is the number of matrix, the projection matrix, the commutation ratand
exist activitiesEj=(&);<nen in the mode (columns). the vector of occurrence. Our algorithm receivesnasit a
. . finite state automato®,=(Q,, Za, 82 Jao Qam representin
LetPyja : Qa X Eq — {0,1} such that: the global model of th(e active Enode, rTz?mdpsequerfcge 0
1if3da€Ey;/E,()) =a activation. The latter is a sequence one of thaiplestraces
' (10) in the model previously inactivated arriving at a
] ) i ) ] commutation event. This algorithm has only one outp
In order to include in consideration several opegt which presents the projection vector of state cdiblga The
modes, this generalization consists in definm@perating proposed algorithm is presented as follows:
modes and them possible commutation. The s& of
commutation events is defined ag;,,; {a;;} wherea;;
presents the event ensuring the commutation betweelei

Posa = ®ij) i penz = { 0 else
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Algorithm: Research of the compatible states

Input:
P.[] : array [1,nq; 1,na] of characters;
ox[] : array [1,n€ of characters;
E.[] : array [1,na] of characters;
M4 ;]:array [1,na; 1,n€ of characters;
S|] : array [1,ng of characters;
Oad] : array [1,nq] of integer;
Output: g, d] : array [1nd]of integer;
Variables :
i,j,k,1,h: integer
Meomdl ;] : tableau [1na; 1,nd of integer;
V, [] :array [1,n€] of integer;
M [] : array [1,na] of integer;
E.c[] : array [1,nd] of integer
Begin
{Determinate the occurrence vector}
for j: 1tonedo
forl : 1 ansfaire
ifS[I]==cal[j] thanVq[j]:= Vo[j]+1 ;
endif
end
end
{Determinate the commutation matrix}
Ea=(Pa)'XGao  { ()'transpose of a matrix }
fori:1ltonado
forj :1 tonedo
k=1; Mcomuli j]==0;
while k<= naandMym[i j] == 0) do
i34 [i j]= Ea[K] thamMeomuli j1:=-1;
else ib [k j] = E4[i] thanMeomut[i j1:=1;
seMomu{i j1:=0;
k :=k+1;
endif
endif
end
M [i] = M [i] + Meomu[i jT* Volil;
end
Eaclil = Eadi] + M [il;
end
{Determinate the compatible state}
while (h <=naandP,[h, ] '=(E ,0') doh :=h+1 ;
end
Oa,c=0l(h);
end

IV. APPLICATION

To facilitate the understanding of the proposedaggh,
we treat as an example a production system illiestran
Fig.3. This system is composed by four differentchiaes
M, My, M3 andM,, and by one buffe® The machines are
used to process a part and the buffer is used caagst
between the components with a maximal capacity of 1

d;

- f
——{ Machine m ]~ dy -
d P1 e f
——[Machinem}—"f, % :

Figure 3. Production system with four machines and interrmteditock.
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In this system, the machines operate independegsish
machine M; picks up a work piece from an infinite bin
(modeled by the controllable eved) and places (b) it in
buffer after completing its work (symbolized by the
occurrence of the uncontrollable evdit The machinevi,
can break down due to malfunctioning and this fact
modeled using the evemi. Repair is modeling using the
eventr;. These switch events involve a switch for the esyst
from nominal to degraded mode. The system has two
functioning modes. The first one is a nominal medeere
only the componentst;, M, andM, are used. However, the
machineM; may fail. It is the degraded mode. In this mode,
the machineM; is replaced by the machings. In this
example, it is assumed that o4 can break down (event
p.) and be repaired (eveny).

The machineM; are modeled by the automaton denoted
G; and are shown Fig.4.(a) for the machiieand Fig.4.(b)

for the componentiM,, M; and M, The dotted arrows
represent the commutation events.

G Gi2 384
w i,2,3& Q
dl \)’ (a) di

'Pl'" (b)

Figure 4. (a) Automata modeB; of machineM,.(b) Automata model&;
of machines 2, 3 et 4.

Initially, the system runs in the nominal mode dibex
by the modelG, shown Fig.5. Wher; occurs, the system
switches to the degraded mode described by the In@ge
shown Fig.6. Occurrence af allows Gy to switch toG;.
This means that only one operating mode is activateone
time. The commutation events don’t appear in thmedels.
Indeed, these events will be considered for thegmges from
a mode to the other.

f2
A1AARA, 1 E_AMAA,
K d2 ' y
fl —_dl dl T fl
dz
M1A2AA, YT MiMaAA,
A f2 A
Aot |f
f d4 d4 T f4 4 4 d4
N d f4
2
M 1AAM 4 —|—><— MiM2AsM 4
A f2 A
gt | f,|Ld;
d2 v
AAAM | AMAM,
fy

Figure 5. Automata model of nominal mode
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PiM2AzA,

PIAAA, .
1

fs

A f4

Figure 6. Automata model of degraded mode.

We apply the different steps proposed in the modéls
two automata nominal and degraded modes in thespces
of commutation eventsp{,r;} when an alternation takes
place. We consider the active mode, after the oenuae of
the failure evenpy, is the degraded mod®g;. The element
characterized (input of our algorithm) of the aetimode
(degraded mod&y, ) are given as follow:

The states set of degraded mode:

o

The events set of degraded mode:
Zg={ dy, s, dy, T5, T3, T4}
The activities set of degraded mode:
Ea={ &, &, a, My, my, My}
The transition matrix of degraded mode (5):
[d dgdy fy fg f

IP1A2A3A4 I"Pl'vl 2A3A4 "IPlA 2M3A4 "Ile ZM 3A4" ]
PAAM,PMAM, ' ' PAMM, 'PM MM,

4

25354 12
a|m 0O 0O O O O
3|0 m 0O O O O

5=a4 0O 0O0m 0 0 O
*Im|l0O 0O 0 a 0 O
mi{|0 O 0O O a O
m|0 0 0 O 0 a

The projection matri®, of degraded mode (8):

3
N

mg m_4]
0

lay ag a,
1
PrAZAGA Y
PIM pA3A 4
PlA M gA 4
PIM oM 3A 4
2 PlAAgM

PIM pAgM 4

P1A M gM

PAM oM gM 4

oOr r oo
O kR OFr R RO

P P O OFr OO O

T

Or OFr OFr O LR
O 0 o0 OoORr R PR
P PP PrOOO

o
=

Based on the proposed algorithm,
matrix (3) of our system is:
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[dp dgdy fp f3 Ty

a-10 0 1 00
a0 -10 0 1 0
Moo 0 0-100 1
m(1 0 0 -10 0
ml|lo 1 0 0 -10
m|0 0 1 0 0 -1

Let S=d, d, f, d; d, an activation sequence of degraded
modeG,. The latter is a sequence of the possible tracdsei
setX, of the nominal mode arriving at a commutation gven
p:.. We determine the occurrence vector (6) by apglyhe
activation sequenc®, Thus, we obtainv,=(2,0,1,1,0,0)

By applying the equation fundamental (7), the cotibpa
state of the degraded modg}, when commutation evempy
occurs, is given as follow:

Pa (Ed,0= Pa (Eq,0* Meomut X Vo(S)

Where, S, is the sequence of events generated in the
nominal model disabled by the occurrence of a cotatimn
eventp:,, And Ey, isthe vector activities of initial states in
the degraded mod&; = { 23,84} = (1;1;1;0;0;0)

1 -1 0 0 1 0 0 2 0
1 0 -1 0 0 1 0 0 1
1 0 0 -1 0 0 1 1 0
P.(Eq.) = + x =
' 0 1 0 0 -1 0 0 1 1
0 0 1 0 0 -1 0 0 0
0 0 0 1 0 0 -1 0 1

Thus, R(Eqd= Pa(as, M, my)="P;M,AM,”

The resulting vectogq . corresponds to the activation of
the initial state in the degraded mo@gland the inactivation
of other states in the same model. So, the attersthte in
the degraded modé&, after the sequence generafydd; d,

f, ds dy, is “PiM,A3M,". This state is compatible with the
nominal mode because the activity of the commooue®
M, and M, is found in the state “MM, AsM, after the
occurrence of the sequenggand before the occurrence of
the commutation evert;. Therefore, our algorithm ensures
the identification of compatible states.

We apply our algorithm on all the traces of the m@h
mode immediately before the failure event and thgraded
mode tracking by the repair event, we obtain thelehdn
Fig. 7.

V. CONCLUSION

This paper deals with the compatibility of statesew a
switching between the operating modes takes pldice.
introduces a definition of compatible states andegia
solution to resolve the management alternation lprobof
different operating modes. The compatibility wassidered
as a current state when a mode generates an estesated

the commutatidhe other mode. We proposed an algorithm abledogrize

these states with low complexity and based on &csta
approach. Our current research is attempting tolvesthe
compatibility problem in real time by using the #th
automata as a modeling tool.
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(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

\dl

dy
A1AAM AiMLAM 4
4 N
fal ld,
"_>f4‘
» \
7y \ d
7
f AY
dl 1 \ \‘
\
\ \
\ \
MiM2AAL D, \
7y Y 1 \
\ 1 \
- 1 1
RN/
! 1 1 1
MiMAM4 D] 1
] 1
\ I
I
1 11
pl I’ X T
1
1
1

Figure 7. Commutation between nominal mode and degraded mode.
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