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Abstract. Real Time Embedded Systems are becoming ubiquitous. Since these 
systems have autonomous batteries, their design must minimize power con-
sumption in order to extend batteries life time. On the other hand, Cellular Au-
tomaton (CA) appears a good choice to simulate the future behavior of complex 
dynamic and parallel systems. Due to some intrinsic characteristics such as 
neighborhood and local transitions, CA can exhibit some complex behaviors. In 
this work, we apply CA to model the well known problem of Real time schedul-
ing and eventually to optimize the power consumption of a Real time multi-
cores embedded system with periodic tasks. CA algorithm is focused on the  
so-called technique: Dynamic Voltage Scaling (DVS). The proposed CA is a 
2D grid. 
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1 Introduction 

Real Time Embedded Systems (RTES) are reactive systems. They interact with the 
external world via sensors and actuators and must provide correct results but without 
missing a specified deadline. RTES may be hard, soft or firm. RTES are generally 
subjected to a variety of constraints beyond temporal ones such as surface, weight, 
power consumption and cost. RTES include a logical part (or application) which is 
composed of a set of dependent and/or independent tasks, periodic and/or aperiodic 
tasks. Each task is characterized by a set of parameters such as period, arrival time, 
execution time which may be expressed as WCET (Worst Case Execution Time), 
ACET (Average Case Execution Time) or BCET (Best Case Execution Time), priori-
ty, etc. The hardware part is composed of a set of embedded processors which are 
connected by a communication support such as buses or an embedded network. Each 
processor is also characterized by a set of parameters like clock frequency, local 
memory size, power consumption, programmability level, etc. Since RTES have au-
tonomous batteries, their design must minimize power consumption in order to extend 
batteries life time. Thus power consumption management and reduction become a 
challenge. To deal with this problem, researchers have proposed a set of power esti-
mation and reduction techniques at many levels of abstraction and at both software 
and hardware stages.  
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Among these techniques, Dynamic Voltage Scaling or DVS is becoming more and 
more interesting for power reduction [2, 3, 6, 11]. The idea behind DVS is to enable a 
processor to change its voltage level dynamically (during execution) thus the proces-
sor operates on a set of modes and the transition from a level to another level con-
sumes a time and a power (we call this the overhead due to transition between 
modes). A high voltage implies a high clock frequency. Voltage reduction leads to a 
considerable reduction in power consumption but on the prize of clock frequency 
reduction that means a longer execution time. In a real time context, a longer execu-
tion time can lead to a deadline missing. Finding the right voltage level is a serious 
problem.  To solve this dilemma, we will assume that each embedded processor have 
three functioning modes: The high frequency mode with the highest power consump-
tion level, the middle frequency mode with an acceptable power consumption level 
and finally the low frequency mode with the lowest power consumption level. Using 
some temporal information during tasks execution, we can choose the right modes 
that lead to optimal results. For instance by measuring the distance between the task 
deadline and its end time or measuring the processor usage ratio, we can find a good 
distribution of tasks on processors with appropriate frequencies levels. In this work, 
we investigate the idea of using cellular automaton (CA) to model and simulate real 
time tasks scheduling and allocation problems in multi-cores embedded systems.  

CA [8] is a computation model used to model and simulate behaviors of complex 
dynamic and parallel systems.  We can see a CA as a grid of cells together form a 
neighborhood. Each cell has a state and can change its state according to its neighbor-
hood state. This is called a local transition rule. By applying local rules on cells syn-
chronously or asynchronously, the CA changes its global state and some complex 
emerging behaviors can be produced. This is a primary inherent characteristic of CA. 
Informally, our proposed CA is a two dimensional grid where each cell represents the 
information of the task allocation on a processor with a certain frequency mode. Thus 
a cell state is a triplet (task, processor, frequency mode). Of course when more that 
one task is allocated to the same processor, a scheduling policy (example Rate Mono-
tonic, Deadline Monotonic, etc.) must be defined. In order to simulate the CA, we 
have to define some local transition rules. Such transition rules can for instance, 
change the allocation, the priority or the frequency mode of a task. By applying these 
rules continually, we can observe some emerging behaviors or some good configura-
tions with minimal power consumption. The rest of paper is organized as follows: 
section two is devoted to some pertinent works. The formal definition of our proposed 
CA is presented in section three. In section four, we discuss our implementation and 
some results before the conclusion. 

2 Related Work 

Literature on employing CA to solve multiprocessors scheduling problem is rich. 
However, we can state that:  

1. Most of these works cope with classical multiprocessors systems but not Real time 
embedded systems [4, 7, 10, 12]. 
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2. Most of existing works do not take into consideration power consumption. 
3. Some works target only bi-processors systems. Thus the corresponding CA is sup-

posed binary [9].   
4. Some work, hybrid CA with some optimization evolutionary heuristics such as ge-

netic algorithms or ant colony to discover the best local rules [1, 5]. We think that 
this technique may consume a huge amount of time to find good solutions.  
 
In this work, we try to formulate the Real time scheduling problem in embedded 

multi-cores systems including DVS strategy using a simple CA characterized by 
graphical capabilities and defined with some local rules to reduce the power con-
sumption under temporal constraints (deadlines) and balancing between the usage 
ratios of processors. 

3 Formal Definition 

Formally a cellular automaton is defined as CA = (D, S, N, £, F) where: 
D is the grid dimension = 2. Each column of the grid represents a task and each 

line represents a processor number to which the task is allocated. 
S is the CA cells states. Each state is defined as a triplet (task name, processor 

number, frequency mode). N is the neighborhood of a cell, it is defined as follows: 
In dynamic priority based scheduling, the neighborhood N of a task T is equal to 

the set of tasks allocated to the same processor as T and it includes T itself. Since 
tasks priorities change over time, all tasks allocated to the same processor have an 
impact on their states. For this reason, N includes all tasks allocated to the same  
processor. 

In static priority based scheduling, the neighborhood N of a task T is equal to the 
set of tasks allocated to the same processor as T having higher priorities than T and it 
includes T itself. Since tasks priorities are pre-known, only higher priorities tasks 
have impact on lower priorities tasks allocated to the same processor. For this reason, 
N includes higher priorities tasks. £ is the local transition function. F is the global 
transition function of CA. 
 
£ : NOM x PROC x MODE --> NOM x PROC x MODE 
NOM designate tasks domain (string). 
PROC designate processors domain (natural). 
MODE designate frequency mode (enumerate = (low, middle, high)). 

 
We defined three transition functions as follows: 
The first function is applied on tasks missing their deadlines in case of dynamic 

priority based scheduling EDF (Earliest Deadline first). The role of this function is to 
change the processor and/or frequency mode of a task. Normally, when applying this 
function, we expect the task will respect its deadline in next periods. 

The second function is similar to the first one but it is applied in case of static priority 
based scheduling DM (Deadline Monotonic). The third function is applied on tasks re-
specting their deadlines in the case of dynamic and static priority based scheduling.  
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The role of this function is to change the processor and/or frequency mode of a task. 
Normally, when applying this function, we expect the power consumption will be re-
duced. The section bellow details the algorithms of the three transition functions. 

 
 

 
 

 
The idea behind algorithm 1 is to migrate a task missing its deadline on a new pro-

cessor which is not very busy and according to its ratio usage, we fix the right fre-
quency mode so we keep energy consumption at lower levels if it is possible. If there 
is no chance to find such a processor, we keep the task on the same processor and set 
the frequency mode to lower levels.   

The idea of algorithm 2 is similar to the first one with a bit difference in neighbor-
hood. 

Algorithm 3 tries to reduce the power consumption by measuring the distance be-
tween the task deadline and its end execution time (Tend_exe) and according to the 
task frequency mode and processor ratio usage, we decide whether we migrate or 
keep the task on the same processor. 
 
 
 
 
 

Algorithm1 
begin 
  choose randomly a task T missing its deadline allocated to processor Pi 
   if  (mode (T) = high) then 
     if (exists a processor  Pj)  and  (its rate_usage  < 0.33)) then  
                  migrate T on Pj  
                  set mode(T) to ‘low’    
         else 
             if (exists a processor Pj) and (its rate_usage < 0.66)) then  
                   migrate T on Pj  
                   set  mode(T)  to ‘middle’ 
             else 
               if (exists a processor Pj) and  (its rate_usage < 1 )) then  
                   keep T on Pi  
                   set mode(T) to ‘high’ 
                else   
                     if (mode(T) = middle) then 
                          keep T on Pi  
                          set mode(T) to ‘high’ 
                       else 
                          if (mode(T) = low) then 
                              keep T on Pi  
                              set mode (T) to ‘middle’ 
                           end if 
end 
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Algorithm2 
begin 
choose  randomly a task allocated to processor Pi whose neighborhood includes at least 
a task T missing its deadline     
   if  (mode(T)= high)  then 
        if (exists a processor Pj) and (its rate_usage < 0.33)) then  
                     migrate  T on Pj  
                    set mode(T) to ‘low’ 
            else  
                 if (exists a processor Pj) and  (its  rate_usage < 0.66)) then  
                          migrate T on Pj  
                          set mode(T) to ‘middle’ 
                    else 
                       if (exists a processor Pj) and (rate_ usage <1))    then  
                             keep T on Pi  
                             set mode(T) to ‘high’ 
                          else  
                               if (mode(T) = middle) then 
                                    keep T on Pi  
                                    set mode (T) to ‘high’ 
                                  else 
                                      if (mode (T) = low) then 
                                         keep T on Pi  
                                         set mode (T) to ‘middle’ 
                                      end if 

end 

Algorithm3  
begin 
choose randomly a task T respecting its deadline allocated to processor Pi 

 if (mode(T) = high   and  > 0.5) then 

       keep T on Pi  
       set  mode(T) to ‘middle’ 
       else  

          if (mode (T)= high  and    < 0.5 ) then 

                if (exists a processor Pj) and (its rate_usage < 0.33) then  
                         migrate T on Pj 
                         set mode (T) to ‘middle’ 
                      else 

                          if (mode(T)=middle  and    > 0.5 ) then 

                               keep T on Pi  
                               set mode (T) to ‘low’ 
                             else  
                                 if (mode (T) = low) then  
                                    keep T on Pi  
                                end if 

end 
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4 Motivational Example 

In order to test our approach, we will consider an example of a system including 20 
periodic tasks with P (period) = 30 cycles and 5 processors. All tasks information are 
indicated in table 1. We note that arrival dates of tasks are generated randomly be-
tween [0, αi] where αi is given (i is the number of the period). Initially tasks alloca-
tion is done randomly. Each processor is characterized by a color and three frequency 
modes that are: High frequency mode or H (frequency = 1, powerPerCycle = 2 watt).  

Middle frequency mode or M (frequency = 1.5, powerPerCycle = 1.5 watt). 
Low frequency mode or L (frequency = 2, powerPerCycle = 1 watt). 
The actual WCET of a task, noted AWCET = WCET * frequency. 
The power consumed by a task = AWCET * powerPerCycle. The overhead due to 

transition between modes is given in table 2. All tasks allocated to the same processor 
will be colored by the processor color. Tasks missing their deadline will be colored by 
black. Simulation time = 15 periods. 

Table 1. Tasks parameters 

Task Id. Processor WCET  Deadline Mode Arrival

Task0 P0 3 5 H 0 

Task1 P4 3 6 M 2 

Task2 P2 3 4 M 2 

Task3 P1 5 9 H 0 

Task4 P4 5 8 M 3 

Task5 P3 4 5 M 1 

Task6 P3 3 3 H 0 

Task7 P4 4 5 M 1 

Task8 P3 2 5 M 2 

Task9 P3 3 5 M 2 

Task10 P1 4 6 H 1 

Task11 P4 2 4 L 0 

Task12 P0 2 3 M 2 

Task13 P3 3 3 H 1 

Task14 P3 2 4 L 1 

Task15 P0 5 7 L 2 

Task16 P0 2 2 L 0 

Task17 P3 3 6 H 1 

Task18 P4 4 8 H 0 

Task19 P3 1 3 L 0 
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Table 2. Transitions overheads 

Transition 

Transition  

Time (cycles) 

Transition  

Power (watt) 
H to M 1 1 

H to L 1 1 

M to H 1 1 

M to L 1 1 

L to H 1 1 

 
Figures from 1 to 5 show respectively the CA state in the first period, CA progres-

sion in an arbitrary period, processors usage ratios, processors power consumption, 
number of tasks missing their deadlines for processor P0 using EDF. For the sake of 
space, we do not show results of other processors. 

 

Fig. 1. CA state in the first period using EDF 

 

Fig. 2. CA progression 

Processor P0 shows a decreasing in its usage ratio, power consumption, and the num-
ber of tasks beyond their deadlines over early periods, however, when the CA progresses, 
these parameters become more stable. Figure 6 shows the overall system power con-
sumption evolution over simulation periods. We can remark that during first simulation 
periods, the consumed power was in its low level because frequencies modes were set to 
‘low’ that means a big number of tasks missed their deadlines. When the CA progresses, 
the consumed power increases to its high level which corresponds to high frequencies 
modes. At this stage, all the tasks respect their deadlines but the consumed power is  
maximal. After that, we observe a certain alternation between low and high levels before 

T0 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19

P0 H M L L

P1 H H

P2 M

P3 M H M M M L H L

P4 M M M L H

T0 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 T13 T14 T15 T16 T17 T18 T19

P0 H H L

P1 M M H

P2 L L

P3 H H M H L H L

P4 H H M L H
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power falling. This alternation is due to the fact that CA applies local rules to compro-
mise between power consumption and tasks deadlines respect. 

 

Fig. 3. Processor P0 usage ratios progression 

 

Fig. 4. Processor P0 power consumption progression 
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Fig. 5. Number of tasks missing their deadlines progression for P0 processor 

 

 

Fig. 6. System power consumption progression 

5 Conclusion 

In this paper, we presented a new approach to resolve the scheduling and allocation 
problems in real time embedded systems with periodic tasks using cellular automata. 
Our CA is 2D grid. We defined three local rules to change the state of cells. These 
rules try to optimize power consumption, balancing usage ratios of processors and 
minimize the number of tasks missing their deadlines. We adopted two well known 
real time scheduling algorithms that are DM and EDF. We tested our CA on a simple 
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example whose results show that DM is better than EDF. The main advantage of our 
CA resides in its simplicity, its dynamic neighborhood and the set of local rules to 
compromise between power consumption and deadlines respect. According to our 
first experimentations and with comparison to genetic algorithms where the research 
space is very large, we can state that our CA is able to find good solutions in a short 
time by applying the most appropriate local rule depending on dynamic neighborhood 
state. By applying these rules continuously, we can observe a big enhancement in the 
quality of solutions. However, and in order to confirm this conclusion, we have to test 
our CA on other examples with different parameters. 
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