
  

  

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

I. INTRODUCTION 

In the framework of the safety control of discrete 
event systems, the abstracted decomposition in modes is a 
current method in industry to reduce the complexity of a 
complex system and to describe it. Several works on SED 
have attempted to help conception of a system through a 
management of mode [1,2]. However, the operating mode 
management remains a problem not yet perfectly restrained in 
the modal decomposition [3,4]. Some studies focus on the use 
of automata modes to represent modes [5,6] bearing a 
reasonable size, and others works deal with the problem using 
several models [7,8]. But, very few take into consideration the 
problems of commutation between the modes and the 
validation of alternation mechanism [9, 10, 11].  

Different system use corresponds to different operating 
modes. Adjustment and maintenance modes are examples of 
other operating modes that are also necessary for the 
production system. We are interested in modeling these 
operating modes by applying a multi-model approach [7], 
which involves designing model process control for each 
operating mode. We suppose that the system can be engaged 
only in one operating mode at a time. The commutation 
between these operating modes takes place when a particular 
event called commutation events occurs. Using a multi-model 
approach allows us to materialize very simply the tracking 
mechanism. The dynamic study of the system is based on 
succession of generated events. Although, the construction of 
control by the dynamic approach enables the use of the past 
events trace, this trace gives much richer information. The 
determination and the calculation of these traces make the 
proposed approach more complex and difficult (or 
impossible) to be applied to real cases. To overcome this 
problem, we focus on the static approach, by giving priority to 
states and particular to the current state of the active mode. 
We will thus present algorithms which are based on the 
information carried by the state of the system in order to 
ensure commutation between the operating modes and to find 
the states compatible when we change the active model. Our 
approach is based on mathematical approaches and the theory 
of finite state automata. 

 
 

This paper is organized as follows:  

Section 2 introduces selected DES multi-model design 
terminology and notation. Section 3 deals with the formalism 
applicable to the problem of commuting between designed 
process models. The algorithm allowed to generate the model 
of faulty mode is also briefly recalled in this section. Section 
4 provides a simple example which illustrates the new notions 
and extended models introduced in this. Study conclusions are 
presented in Section 5. 

II. MULTI-MODEL APPROACH 

A system generally presents several operating modes. we 
propose a multi-model approach that involves representing 
complex systems by several simple models. Each model 
characterizes the typology and behavior system involved in 
these different modes. Activation and inactivation of an 
operating mode is following the occurrence of a commutation 
event. This event allows switching from the mode that system 
performs perfectly its task, known as nominal mode, with a 
mode for continues a task despite a failure, known as 
degraded mode. A real system involves a set of nominal and 
degraded modes. We suppose in our approach the nominal 
mode will always be considered the first selected mode 
(initially enabled).  

Let a set of operating modes is denoted by i∈{1,2,…,n} 
where n∈ℕ and n≥ 25. By convention, we assume initially 
that the actived mode is mode 1. For each operating mode i, 
we associate an automata model Gi=(Qi, Σi, δi, qi,0, Qi,m) 
where Qi : is a set of states of mode i, Σi : is the alphabet,   δi: 
Qi×Σi → Qi is the transition function (partial function), qi,0 ∈Qi 

is the initial state and Qi,m ⊆Qi is the subset of marker 
states. For any state q∈Qi 

and event σ∈Σi, we write δi(q,σ)! 
(resp. δi(q,σ)¬!) if δi(q,σ) is defined (resp. isn’t defined). The 
events set Σ of a system is given by the union of all 
alphabets of elementary automata models increased by the 
set of commutation events Σc. Furthermore, the set of 
commutation events is disjoint of the different set of models: 
Σc∩Σi=∅ (for i∈{1,2,…n}). Although, Σi∩Σj can’t 
empty (common components between modes). As for the 
alphabets of modes, the set of commutation events can be 
divided into disjoint sets the controllable events and 
uncontrollable events. 

III.  COMMUTATION BETWEEN DIFFERENT MODELS 

A. Principle of our approach 

Multi-model approaches to Discrete-Event-Systems 
(DES) are ideally suited for implementing operating mode 
management and inter-mode phase switching. Problems such 
as switching and model tracking must therefore be studied. 
The operating modes represent the set of acceptable 
behaviors of the system for a given configuration of 
resources. Thus, this system doesn't require all components 
in each operating mode. We assume that the process model 
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can change its structure when commuting from one operating 
mode to another by engaging new components. For instance, 
Fig. 1 shows that there are common resources engaged in two 
operating modes and some resources doesn’t contribute to 
production in mode i, but they intervene when a 
commutation from mode i to j is performed. Common 
resource engagements are possible in each considered mode 
and the concept of tracking is introduced. This means 
maintaining a trace of events that have occurred for the 
common components.  During this engagement, the structure 
and the task of the system are fixed. The occurrence of a 
commutation event leads to the modification of the structure 
(engagement or disengagement of resources) or the task that 
will be considered to engage the new system in a different 
mode. 

Figure 1.  Common resources of the modes i and j. 

The switching mechanism, characterized by information 
channels, is based on a set of traces generated in the model 
previously inactivated, to determine a current state for the 
recently activated model without losing information related 
to a change of mode. Considering a typology such that there 
is still a subset of common resources between two modes 
(see Fig.1), it will be necessary to follow the evolution of this 
mode to correctly determine the states from which a 
functional connection will be allowed. The tracking 
implementation allows determining the connection state, i.e., 
the state of the adequate novel mode with the state from 
which the commutation event occurred. This helps us to 
determine the compatibility when a switching takes place. 
When a commutation event (failure or repair event) occurs, 
the system will switch to another operating mode represented 
by its model Gi. In this case, Gi must be directed to a state 
compatible with system evolution. The aim is therefore to 
determine the possible compatible states of each operating 
mode. Thus, the compatible states are a set of common 
resources between the two modes that have the same activity 
in the two states considered. 

Our approach aims to ensure a reliable commutation 
when a mode generates an event enabling the other mode. In 
our algorithm, we develop mathematical techniques useful to 
make our approach certain. First of all, we define the notion 
of the state and compatible state, thereafter; the mathematical 
elements used in our approach will be detailed. 

B. Notations & definitions 

Definition 1: (Etat) 
A state �� of the mode � is the cartesian product of all 
activities of resources engaged in this mode. 
Example: we suppose that two resources R1 and R2 are 
involved in the mode i respectively with 	
��, 

��, 	
�
, 


� 

A state ��  of mode i is written: 
 �� � 	
��, 
�
� with �, � ∈ �1,2�                   (1) 

Definition 2: (Compatible state)  

A state qi 
of the mode is compatible with the state qj of the 

mode j, where the common resources of these two states have 
the same activities.  
Formally, let Eai, Eaj

 
respectively the activities set of the two 

states qi and qj, with:  
�a��∈ℕ∈Eai and   �a �∈ℕ∈Eaj  such that : 

 Eai=(
��, 
�
,..., 
�") and Eaj=(
#�, 
#
,..., 
#$)              

Let %�# � &
�� , 
��'�, … , 
��), with � * 1 et � + ,, the 
common resources set between the mode i and the mode j.  
The state qi 

is compatible with qj 
iff  

 Eai ∩Eaj⊂Rij                                    (2) 

Definition 3: (Commutation matrix)  
The commutation matrix Mcomut is a structural representation 
of the active model Ga=(Qa, Σa, δa, qa,0, Qa,m). This matrix has 
the dimension Na×Ne, respectively Na the number of exist 
activities (lines) and Ne the number of the possible events 
(columns). 
Let Mcomut: Ea×Σa→ ℤ such that 
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With, /0: 20 3 40 5 20 is the transition function (partial 
function) in the active mode. 
Let 20,� � 	
��, 
�
, … , 
�"� the activities set of a sate �� in the 
active mode. For every 
�� ∈ E6,� and 7 ∈ Σ0. We write 
δ0&
�� , 7)! (resp. δ0&
��, 7);!) if δ0	 �� , 7� defined (resp. 
isn’t defined). This function can be extended as follows: 

/0	 �� , 7� � δ0 <&
��, 
�
, … , 
�� , … , 
�"), 7=    �
</0	
��, 7�, /0	
�
, 7�, … , /0&
�� , 7), … , /0	
�" , 7�=            (4) 

For facilitate the calculating of the compatibility matrix, the 
transition function δ6 can be written as matrix 
presented all possible transitions between the activities in the 
active mode. Thus, we can write: 
Let /0 >  20 3 Σ0 5 20 such that 

/0 � 	?�#	�,#�∈ℕ@ tel que  ?�# � 
 AA� /0&
� , 7#) � 
           (5)  

Definition 4: (Occurrence vector) 

Let Vo the occurrence vector, it is a resultant vector by the 
projection of events for a trace of mode i in the mode j. Its 
component of order j represents the number N how often 
event σj, in the active mode j, appears on the activation 
sequence Sa.  
Vo: Σj→ℕ such that �σ∈Σj :

  



 ∈

=
        else      0

   if    
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o

SN
V

σ
σ        
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In order to understand the scope of our proposal, we 
consider in the first place the case limited to two operating 
modes. The generation of several modes will be later 

New engaged 
resources  

Mode j  Mode i  

Common engaged resources in 
the mode i and mode j 

Not existent resource in 
the mode j 
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presented. This generation will not be limited only to 
increasing the number of modes but will also count for the 
different possible combinations of switching between modes. 
Our approach applies to the mechanism for switching 
between different models, which have been extended to 
determine their compatible connection states. Finding the 
states from which these models need to be activated, whilst 
ensuring adequacy between current process dynamics and 
control decisions, has solved the problem of the mechanism 
for switching between models.  

Each existing state in the active model is described by set 
of its activities. First of all, we determine the activities 
characterized the compatible state. Let C0 an events sequence 
generated in the inactive model by the arrival of 
commutation event. The states connected in the activation 
sequence Sa are selected by the product of the commutation 
matrix and the number occurrences events of the active 
mode in this sequence. Taking into account the 
information related to the initial state allows us to 
determine the activities of inexistent resources in the inactive 
mode. 

Proposition 2: (Fundamental equation)  

The vector activities of compatible state Ea,c 
in the model 

newly active Ga=(Qa, Σa, δa, qa,0, Qa,m) when a commutation 
takes place, it will be determined by:  

Pa (Ea,c)=Pa (Ea,0)+ Mcomut× Vo(Sa)      (7) 

Where, Sa is the sequence of generated events in the model 
disabled by the occurrence of a commutation event. The 
vector Ea,0 is activities of initial state. 

Definition 3: (Projection matrix)  

The projection Pa presents the projection vector of activities 
state �� upon the activities set 20 of existing activities in the 
active mode. This is defined as follow: 

Let  D0 : 20,� 5 �1,0� such that:  

D0 &20,�) � 	F���G"0 � H1 �I  J
 ∈ 20,�/20	�� � 

0  L�AL                                    

M      (8)           

The compatible state �0,N is given by the projection of its 
activities on the descriptive activities matrix 
DO/0 of existing states in the active mode.   

�0,N � DO/0 3 D0 	20,N�                  (9) 

The projection matrix DO/0 presents projection of each 
existing state on the activities set in the active mode. This is a 
matrix of dimension Nq×Na with Nq is the number of sates 
Q=(qi)i≤nq∈ℕ  of the model (lines) and Na is the number of 
exist activities Ei=(aj)j≤na∈ℕ  in the mode (columns).  

Let DO/0 > P0 3 E0 5 �0,1�  such that: 

 DO/0 � 	F�#�	�,#�∈ℕ@ � H1  �I J
 ∈ 20,�/20	Q� � 

0   L�AL                               

M     (10)                            

In order to include in consideration several operating 
modes, this generalization consists in defining n operating 
modes and the m possible commutation. The set Σc of 
commutation events is defined as R�,#,�S#" TU�,#V where U�,# 
presents the event ensuring the commutation between mode i 

to mode j. The management modes consist to in ensure the m 
permitted path of the n modes retained by the designer. 
Moreover, from a mode i a commutation event can lead to 
another mode k where i and k are bound by any particular 
order relation. In other terms, the classification of the modes 
doesn’t present an activation order. Thus the commutation 
event αi,k (with i#k) occurs, the mode model become Gk 
model. Then the occurrence of a commutation event αk,j can 
switch to a model Gj where j can as well be lower or higher 
than k (with also j#k). This commutation mechanism is 
illustrated by Fig.2. 

 

 

 

 

 

Figure 2.  Commutation between different model modes 

Proposition 3: (Fundamental equation)  

Considering several operating modes, the compatible state is 
defined as its vector activities Ea,c in the model newly active 
Ga=(Qa, Σa, δa, qa,0, Qa,m) when activation sequence Sa  takes 
place, it is given as follow:  

Pa (Ea,c)=Pa (Ea,0)+ Mcomut× Vo(Sa)                      (11) 

Where, The vector E0 is given by the horizontal 
concatenation of all vectors activities of initial state in each 
mode:  E0 ={  E1,0,…, Ei,0,…, Ej,0,…, Ea,0} 

The commutation matrix is defined as the direct sum of the 
commutation matrix characterized in each mode:     

Mcomut ={ Mcomut, 1⊕…⊕ Mcomut, i⊕…⊕Mcomut, j⊕…⊕ Mcomut , a}  

The occurrence vector is given by the vertical 
concatenation of all projection of events for trace in each 
mode:  Vo(S)={  Vo1(S);…;Voi(S);…;Voj(S);…;Voa(S)} 

All these history compatibility are required to determine 
the starting states in each mode to which switching leads.  
Based on the definition of the mathematical elements, we 
expose thereafter the frame of the proposed algorithm for 
determine the compatible states in an active mode.  

C. Algorithm 

The algorithm proposed, gives a fundamental equation to 
find the compatible states when the system switches from an 
operating mode to another mode. This algorithm was based 
on the concepts defined in advance. It is about the transition 
matrix, the projection matrix, the commutation matrix and 
the vector of occurrence. Our algorithm receives as input a 
finite state automaton Ga=(Qa, Σa, δa, qa,0, Qa,m) representing 
the global model of the active mode, and sequence of 
activation. The latter is a sequence one of the possible traces 
in the model previously inactivated arriving at a 
commutation event. This algorithm has only one output 
which presents the projection vector of state compatible. The 
proposed algorithm is presented as follows: 
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Algorithm: Research of the compatible states 
Input:  
Pa[] : array [1, nq ; 1, na] of characters;    
σa [] : array [1, ne] of characters;      
Ea [] : array [1, na] of characters;    
Ma[ ; ] : array [1, na ; 1, ne] of characters;   
Sa[] : array [1, ns] of characters;    
qa,0[] : array [1, nq] of integer;    
Output:   qa,c[] : array [1,nq]of integer; 
Variables :  
i,j,k,l,h : integer 
Mcomut[ ; ] : tableau [1, na ; 1, ne] of integer;    
Vo [] :array [1, ne] of integer;  
M [] : array [1, na] of integer; 
Ea,c [] : array [1, na] of integer 
Begin 
{Determinate the occurrence vector} 
for  j : 1 to ne do 
   for l : 1 à ns faire 
       if Sa [l]==σa [j]  than Vo[j]:= Vo[j]+1 ;  
       endif           
    end 
end 
{Determinate the commutation matrix} 
Ea,0=(Pa)

t x qa,0;    { ( )
t transpose of a matrix } 

for i :1 to na do 
     for j :1 to ne do 
  k =1; Mcomut [i j]==0; 
         while (k<= na and Mcomut [i j] == 0)  do 
            if δa [i j]= Ea [k]        than Mcomut [i j]:=-1; 
            else if δa[k j] = Ea [i] than Mcomut [i j]:=1; 
                                                 else Mcomut[i j]:=0; 
    k :=k+1; 
        endif  
             endif      
       end 
M [i] = M [i] + Mcomut [i j]* Vo[j];  
   end  
Ea,c [i] = Ea,0[i] + M [i];  
end  

{Determinate the compatible state} 
while (h <= na and Pa [h, :] !=(E a,c)

t ) do h :=h+1 ; 
end 
qa,c:=q(h);  
end 

IV.  APPLICATION 

To facilitate the understanding of the proposed approach, 
we treat as an example a production system illustrated in 
Fig.3. This system is composed by four different machines 
M1, M2, M3 and M4, and by one buffer S. The machines are 
used to process a part and the buffer is used as storage 
between the components with a maximal capacity of 1.  

Figure 3.  Production system with four machines and intermediate stock. 

In this system, the machines operate independently, each 
machine Mi picks up a work piece from an infinite bin 
(modeled by the controllable event di) and places (b) it in 
buffer after completing its work (symbolized by the 
occurrence of the uncontrollable event fi). The machine M1 
can break down due to malfunctioning and this fact is 
modeled using the event p1. Repair is modeling using the 
event r1. These switch events involve a switch for the system 
from nominal to degraded mode. The system has two 
functioning modes. The first one is a nominal mode where 
only the components M1, M2 and M4 are used. However, the 
machine M1 may fail. It is the degraded mode. In this mode, 
the machine M1 is replaced by the machine M3. In this 
example, it is assumed that only M1 can break down (event 
p1) and be repaired (event r1).  

 
The machine Mi are modeled by the automaton denoted 

Gi and are shown Fig.4.(a) for the machine M1 and Fig.4.(b) 
for the components M2, M3 and  M4. The dotted arrows 
represent the commutation events. 

 
 

 

 

 

 

Figure 4.  (a) Automata model G1
 
of machine M1.(b) Automata models Gi 

of machines 2, 3 et 4.  

Initially, the system runs in the nominal mode described 
by the model Gn shown Fig.5. When f1 occurs, the system 
switches to the degraded mode described by the model Gd 
shown Fig.6. Occurrence of r1 allows Gd to switch to Gn. 
This means that only one operating mode is activated at one 
time. The commutation events don’t appear in these models. 
Indeed, these events will be considered for the passage from 
a mode to the other. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.   Automata model of nominal mode 
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Figure 6.  Automata model of degraded mode. 

We apply the different steps proposed in the models of 
two automata nominal and degraded modes in the presence 
of commutation events {p1,r1} when an alternation takes 
place. We consider the active mode, after the occurrence of 
the failure event p1, is the degraded mode Gd. The element 
characterized (input of our algorithm) of the active mode 
(degraded mode Gd ) are given as follow:  

- The states  set of degraded mode: 









=

'MMMP' ,'MMAP' ,'MAMP' ,'MAAP' 

,'AMMP' ,'AMAP' ,'AAMP' ,'AAAP'

4321432143214321

4321432143214321
dQ

 

- The events set of degraded mode: 
Σd ={  d2, d3, d4, f2, f3, f4} 

- The activities set of degraded mode: 
Ea={  a2, a3, a4, m2, m3, m4} 

- The transition matrix of degraded mode (5): 
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- The projection matrix Pa of degraded mode (8): 

]4324a3a2a  [

111000

110001

101010

100011

011100

001101

001110

000111

4M3M2M1P
4M3M2A1P
4M3A2M1P
4M3A2A1P
4A3M2M1P
4A3M2A1P
4A3A2M1P
4A3A2A1P

mmm

aP





















































=

 

Based on the proposed algorithm, the commutation 
matrix (3) of our system is:  
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Let Sa=d1 d2 f2 d4 d2 an activation sequence of degraded 
mode Gd. The latter is a sequence of the possible traces in the 
set

 
Σ"X  of the nominal mode arriving at a commutation event 

p1. We determine the occurrence vector (6) by applying the 
activation sequence Sa. Thus, we obtain: Vo=(2,0,1,1,0,0). 

By applying the equation fundamental (7), the compatible 
state of the degraded model Gd, when commutation event p1 
occurs, is given as follow:           

Pa (Ed,c)= Pa (Ed,0)+ Mcomut × Vo(Sa) 

Where, Sa is the sequence of events generated in the 
nominal model disabled by the occurrence of a commutation 
event p1. And Ed,0  is the vector activities of initial states in 
the degraded mode: Ed,0= { a2,a3,a4} = (1;1;1;0;0;0) 
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Thus, Pa(Ed,c)= Pa(a3, m2, m4)= “P1M2A3M4” 

The resulting vector qd,c corresponds to the activation of 
the initial state in the degraded model Gd 

and the inactivation 
of other states in the same model. So, the attainable state in 
the degraded model Gd 

after the sequence generated Sa=d1 d2 

f2 d4 d2, is “P1M2A3M4”. This state is compatible with the 
nominal mode because the activity of the common resource 
M2 and M4 is found in the state “M1M2 A3M4

”  after the 
occurrence of the sequence Sa and before the occurrence of 
the commutation event p1. Therefore, our algorithm ensures 
the identification of compatible states. 

We apply our algorithm on all the traces of the nominal 
mode immediately before the failure event and the degraded 
mode tracking by the repair event, we obtain the model in 
Fig. 7. 

V. CONCLUSION 

This paper deals with the compatibility of states when a 
switching between the operating modes takes place. It 
introduces a definition of compatible states and gives a 
solution to resolve the management alternation problem of 
different operating modes. The compatibility was considered 
as a current state when a mode generates an event activated 
the other mode. We proposed an algorithm able to recognize 
these states with low complexity and based on a static 
approach. Our current research is attempting to resolve the 
compatibility problem in real time by using the timed 
automata as a modeling tool. 
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Figure 7.  Commutation between nominal mode and degraded mode. 
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