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Abstract 
We present the aggregated abstract simulators for the 
Dynamic Structure Discrete Time System Specification 
(DSDTSS) formalism. These simulators allow to simulate 
large scale cell spaces undergoing structural changes 
efficiently. A generic algorithm for the optimisation of large 
scale transport processes simulation is provided. This 
algorithm consists in dynamically controlling the calculation 
domain (the set of cells whose state is computed at a given 
time step) during the simulation.  Finally, a fire spreading 
application using the DSDTSS formalism is provided to 
pinpoint the advantages of using the DSDTSS formalism for 
modelling and simulating large dynamic structure cell 
spaces. 
 
1 INTRODUCTION 
 From biology to industry numerous systems can be 
represented by cellular models (circuit design, material 
traffic flow, ecosystem models, urban traffics, etc.). 
 A great part of these systems undergo structural changes 
over the time. For instance, in fire spreading parcels of land 
are characterised by different phases (cool, heated, burning 
and burned). Front flame positions can be calculated only by 
concentrating on heated and burning cells enhancing 
simulation model performance. 
 To simulate such a kind of systems traditional 
simulation methodology supports only changes in models 
state variables. A more intuitive and faithful way of 
specifying these systems has been explored and applied with 
modelling formalisms for dynamic structure systems [1, 2].  

Among the phenomena studied through cell spaces, 
transport processes are crucial for natural problems. We call 
transport processes, processes in a broad sense where lateral 

transfer of energy, mass or information occurs (fire spread, 
oil spills, wave propagation etc.). 

Digital simulation of these continuous systems requires 
discretization. Classical methods such as Euler, Runge-
Kutta, Adams, etc., are based on the discretization of time 
[3]. This approximation procedure results in a discrete time 
simulation model. Different formalisms allow to model and 
simulate these models. 

A dynamic structure, modular and discrete event 
approach, the Dynamic Structure Cellular Automata (DSCA) 
[4], has been designed for dynamic structure cellular 
modelling. In a DSCA the whole cells are coupled together 
to form a DSDEVS network model [5]. The DSCA has been 
used to create active cells and remove the quiescent ones 
thus saving memory. The benefits of DSCA decreases when 
time cells spend in the simulation increases. 

The decision to use modular dynamic structure discrete 
event representation for cellular modelling and simulation is 
thus based on how parse it is. 

On the other hand, the most famous cellular discrete 
time formalism for representing natural systems in a non-
modular way are obviously the Cellular Automata (CA) [6]. 
As defined in [7], standard CA are simple mathematical 
idealizations of natural systems. They consist of an infinite 
lattice of discrete identical sites, each site taking on a finite 
site of, say, integer values. The values of the sites evolve in 
discrete time steps according to deterministic rules that 
specify the value of each site in terms of the values of 
neighboring sites. CA are models where space, time and 
states are discrete [8].  

The originality of CA is to deal with relations between 
parts of a system producing macro behavioral complexity 
with simple local rules [9]. Nevertheless, as model of real-
world spatial phenomena, basic CA are restricted by those 
background conventions the simplicity of which makes the 
richness of their behavior so unexpected [10] (neighborhood 
and rules uniformity of the cells, one discrete state per cell, 
closure of the system to external events and infinite lattice). 



Dynamic Structure Discrete Time System Specification 
(DSDTSS) formalism [1] overcomes CA restrictions for 
cellular modelling. Formalism’s modularity allows to specify 
each cell as a DTSS model with its own behavior and 
neighborhood, containing continuous or discrete state 
variables. The cells are then coupled in a DSDTSS cellular 
network and can be connected with other DSDTSS or DTSS 
components. 
 However, if modularity allows to specify external 
couplings, heterogeneous cells’ structure or behavior, it can 
produce high simulation time due to message exchanges 
[11]. Recently, different approaches have been used to 
reduce this overhead [12, 13, 14]. They consist in flattening 
the model hierarchy aggregating the coordinator and the 
simulators in one processor. We use here these principles to 
provide abstract simulators automatically generated from 
DSDTSS models description. 

After introducing DSDTSS formalism, the DSDTSS 
abstract simulators for efficient cell spaces simulation are 
described. A generic algorithm for the optimisation of large 
transport processes simulation is then provided. Finally, a 
fire spreading model is simulated pinpointing the advantages 
of using the DSDTSS formalism for dynamic structure 
cellular modelling and simulation. 

 
2 DYNAMIC STRUCTURE FORMALISM 
FOR DISCRETE TIME SYSTEMS 
SPECIFICATION 
 A system specification formalism provides a compact 
notation to describe a system. DSDTSS [12] is a formalism 
to describe basic or network discrete time systems that 
undergo structural changes during simulation. Models 
behavior is described in a modular way.  

The DSDTSS basic model is the DTSS model described 
in section 2.1. The network of simple DTSS models is 
referred to as a Dynamic Structure Discrete Time Network 
(DSDTN) [5]. 

Formally, a DSDTN is a tuple:  
DSDTN = (χ, Mχ) 

Where: 
 χ is the name of the DSDTN executive, 
 Mχ is the model of the executive χ, 
The model of the executive is a modified DTSS defined 

by the 8-tuple: 
Mχ = (Xχ,Qχ, q0,χ, Yχ, γ, Σ*, δχ, λχ ) 

Where: 
γ : Qχ� Σ* is the structure function, and Σ* is the set of 

network structures. The transition function δχ computes the 
executive state qχ. The network executive structure Σ, at the 
state qχ ∈  Qχ is given by Σ =  γ (qχ) = (D, {Mi}, {Ii}, {Zi}), 
for all i ∈  D, Mi = (Xi, Qi, q0,i, Yi, δi, λi  ), where D is the set 
of component (system) names,  Ii is the set of influencers of 
component i, and Zi is the i-input function. 

Because the network coupling information is located in 
the state of the executive, transition functions can change 

this state and, in consequence, change the structure of the 
network. 

Changes in structure include changes in component 
interconnections, changes in system definition, and the 
addition or deletion of system components. 

 
3 DSDTSS ABSTRACT SIMULATORS  
FOR LARGE SCALE CELLULAR MODELS 
 We define here the abstract simulators for efficient 
DSDTSS models simulation. The definition is based on the 
Dynamic Structure Discrete Event (DSDE) simulators [15].  
 Two types of processors are used: the synhronizer and 
the aggregated network simulator. The synchronizer 
manages the simulation time and the aggregated network 
simulator simulates the cellular DTSS models. These 
simulators respect the DEVS bus principle [12]. That is, the 
cellular models simulated using these abstract simulators can 
be used as components in hierarchical simulators together 
with models formulated in other DEVS based strategies. For 
clearness we just provide the algorithms of synchronizers 
and aggregated network simulators. 
 
3.1 The Synchronizer 
 The synchronizer coordinates the overall simulation. Its 
child is the topmost aggregated network simulator or a basic 
network simulator or just a simulator if there is only one 
DTSS atomic model. 
 The simulation starts when the synchronizer receives the 
(START,t) message represented in Figure 2 and stops when 
its child is passive or the simulation time is terminated. 

 
When receive (START,t) 
 send (START,0) to child 
 While (tsim < tfinal or child is passive) 
  “Computes the output of the child” 

send (OUTPUT,tnext,child) to child 
  “Makes the transition of the child” 
  send(TRANSITION,tnext,child,φ) to child 
 endWhile 
end 

Figure 2: Synchronizer Start Message 
 
 The message (OUTPUT,tnext,child) produces the child 
output. The message (TRANSITION,tnext,child,φ) is sent to the 
child and changes its state. 
 
3.2 The Aggregated Network Simulator 
 Aggregated network simulators are attached to the 
DSDTN model. The aggregated network simulator algorithm 
is shown in Figures 3, 4 and 5. The simulator directly 
accesses cells’ states in a non-modular way for optimum 
simulation performance. 

We define xχ as the value received from the network 
input. 
 Figure 3 describes the initialisation of the next state 
transition time tnext. In Figure 4, line 2 stores the current set 
of cells on variable D’. Lines 3 and 4 executes the transition 



functions of all the cells excluding the executive. Line 5 
computes the executive transition and the new network 
structure. Line 6 initialises the coordinates and states of the 
new added cells after the executive transition.  

The aggregated network simulator output function is 
described in Figure 5. This function is called before each 
transition ensuring that the output of a cell does not depend 
on the transition order. 

 
When receive (START,t) 
 tlast=t 

Figure 3: Aggregated Network Simulator Start Message 
 
When receive (TRANSITION,t,x) 

1. If t ≠ tnext then ERROR endIf 
2. D’ ← D  
3. For each cell (i,j) ε D Do 
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4. EndFor  
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6. Initialise (i,j) of the new cells (i,j) ε D 
– D’ 

7. tnext=tcurrent+h 
end 

Figure 4: Aggregated Network Simulator Transition 
 
When receive (OUTPUT,t) 

If t=tnext 
For each active component (i,j) ε D Do 

  )( ,),(,,
,

jiIjijiji qy
ji∈

×= λ  

EndFor 
send (OUTPUT,t,    ) to parent 

end 

Figure 5: Aggregated Network Simulator Output Function 
 
4 TRANSPORT PROCESSES 
 We extend and simplify here the optimisation of cell 
spaces simulation for the modelling of fire spread, presented 
in [13], to large scale transport processes. To achieve this 
goal, we use the basic principles exposed in [12] to predict 
whether a cell will possibly change state or will definitely be 
left unchanged in a next global state transition: a cell will 
not change state if none of its neighboring cells changed 
state at the current state transition time.  
 Nevertheless, to obtain optimum performance the entire 
cells cannot be tested. Thereby, a new algorithm, which 
consists in testing only the neighborhood of the active 
bordering cells of a propagation domain has been defined 
for this type of phenomena. As depicted in Figure 6, this 
algorithm implements the transition function of a DSDTSS 
executive model in charge of the structure evolution of the 
cell space.  

 
Cells’ spreadState //‘Q’: quiescent state, ‘N’: 
non testing state, ‘T’: testing state 
 
Transition Function(cells’ states and 
propagationPhases,xχ) 
 
  For each cell (i,j) ε D Do 
      
 If(spreadStateCell(i,j)==’Q’) Then  
        removeCell(i,j) 
  //the cell is removed from D’ 
    Endif 
 
    If(getSpreadStateCell(i,j)==’T’) Then 
   
      If (cellNearToBorder(i,j)) Then 
          setSpreadStateCell(i,j,’N’) 
      Endif 
   
      Else 
         
           If(spreadTest(i,j,nextState)) Then 
            setSpreadState(i,j,‘N’) 
    addInactiveNeighboringCells(i,j) 
            //the new tested neighbors are added 
to D’ 
          Endif 
     Endif 
      Endif 
  EndFor 
 
End Function Transition() 
 
bool spreadTest(i,j,nextState) Function 
 
  If(nextState(i,j)==condition) 
    return true 
  Else 
    return false 
  EndIf 
 
End Function spreadTest 

Figure 6: Transition Function Algorithm of the Executive 
Model 

 Propagation phases have been added to the cells (testing 
for the cells at the edge of the propagation, non testing for 
the cells whose state is not tested at each state transition and 
quiescent for the inactive cells in quiescent state). 
 A transport process example is sketched in Figure 7 for 
cardinal and adjacent neighborhood. In our algorithm, only 
the bordering cells test its neighborhood, this allows to 
reduce the number of testing cells. The test, described in the 
spreadTest() function of Figure 7, depends on the state of 
the tested cells. If the tested cell fulfils the requested 
condition, the cell becomes an active cell and new tested 
neighboring cells are added to the set of active cells. 
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Figure 7: Dynamic Structure Domain Evolution 

 
 We implemented our simulator in C++ for efficiency 
reasons. In addition since we will have real time constraints, 
we have suppressed dynamic allocation for some classes. 
 Indeed, for significant numbers of object 
instantiation/deletion dynamic allocation is inefficient and 
we have designed a specialised static allocation [16]. A pre-
dimensioning via large static arrays can be easily achieved 
thanks to current modern computer memory capabilities.  
 The state of the executive model is a matrix of objects  
containing the temperatures and the spread states of the cells 
of the propagation domain. The active cells are stored in a 
vector container. A start-pointer and an end-pointer are 
delimiting the current calculation domain on the vector. 
Thus initial active cells that are completely burned during a 
simulation run can be dynamically ignored in the main loop. 
At each time step, by modifying the pointers position new 
tested cells can be added to the calculation domain and cells 
that return in a quiescent state are removed from the former.  
 
5 FIRE SPREADING APPLICATION 
 Validating our approach with a fire spreading 
application shows the efficiency of the DSDTSS formalism 
application for models of real-world. 
 
5.1 Fire Spread Simulation Model 
 We used a mathematical fire spread model already 
validated through numerous works [11, 17] and presented in 
[17]. In this model, the temperature of each cell is 
represented by a PDE, which is simulated after discretizing 
the PDE models. These models are solved by the finite 
difference method, which leads to the following algebraic 
equation: 
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where Tij is the grid node temperature. The coefficients a, b, 
c and d depend on the time step and mesh size considered. 
 Figure 8 depicts a simplified temperature curve of a cell 
in the domain. We consider that above a threshold 
temperature Tig the combustion occurs and below a Tf 
temperature the combustion is finished. The end of the real 
curve is purposely neglected to save simulation time. Four 

phases corresponding to each cell behavior are defined from 
these assumptions. A cell has phases unburned, heating, on 
fire and burned. 
 

 t  (Ta, tig) 

 Tf  = 333 K
 Tig = 573 K 

 T (Kelvin)

  heating   burnedon fire   unburned  
Figure 8: Simplified Temperature Curve of a Cell of the 

Domain 
 

 In Figure 9, we present the output and transition state 
functions used to model fire spreading. The output function 
is used to return the temperature of a cell to the root for 
printing. The transition state function allows to compute the 
next state of the component. This new state is computed 
using current state, input and the influencer set Ii,j of 
components. 
 
//State variables 
temperature =300 
ignitionTime=0 
phase=’A’ //’A’:ambient temperature, ‘U’: 
unburned, ‘O’: on fire, ‘Bu’: burned 
spreadStates 
 
//cell’s output function 
λ() { return nextTemp } 
 
//cell’s transition state function 
δ(Ii,j+1,Ii,j-1,Ii-1,j,Ii+1,J,x) 
 
   //--> equation constants 
   a, d, c, alpha, deltat 
 
   If (!CellBorder) //limit condition 
       
      Switch(getPhase()) 
 
         Case ‘A’: 
            nextTemp�300 
         EndCase 
 
      Case ‘U’: 
            nextTemp�d*temperature+a*(Ii,j+1 

+Ii,j-1+Ii-1,j+Ii+1,J)+c*exp(-
alpha*((x)*deltat+0.213 

     
        If(nextTemp >= 573) 

              setIgnition(time)  
         //record ignition time 
     setPhase(‘Bu’) 
        Endif 

          EndCase 
   
      Case ‘O’: 

            If(nextTemp > 373) 
              nextTemp�d*temperature+a*(Ii,j+1+ 

Ii,j-1+Ii-1,j+Ii+1,J)+c*exp(-
alpha*((t –ignition)*detat 
))+0.213 



 
            Else 
              setPhase(‘B’) 
              nextTemp�300 
            EndIf  
          EndCase 

 
      Case ‘Bu’: 

            nextTemp�300 
          EndCase    
   
           
    End Switch 
  EndIf 
End Transition Function 

Figure 9 : Cells’ Behavior Algorithm 
 
5.2 Simulation Model Validation 
 A simulation study must have a precise goal and for 
well defined use. Validation must then be done within a 
specific experimentation framework [18]. 
 We used experimental fires conducted on Pinus Pinaster 
litter, in a closed room without any air motion, at the INRA 
(Institut National de la Recherche Agronomique) laboratory 
near Avignon, France [17]. These rigorous experiments were 
performed in order to observe fire spread for point-ignition 
fires under no slope and no wind conditions. The 
experimental apparatus was composed of a one square meter 
aluminium plate protected by sand. A porous fuel bed was 
used, made up of pure oven dried pine needles spread as 
evenly as possible on the total area.  
 Figures 10 represents the comparison between the 
experimental fire front and the simulated one at t=122s and 
t=144s for a point ignition. Squares represent the 
experimental fire fronts. 
 

X

Y

0 25 50 75 1000

20

40

60

80

100

1292
1226
1160
1093
1027
961
895
829
763
697
631
564
498
432
366

T(K)

 X

Y

0 25 50 75 100
0

20

40

60

80

100

1292
1226
1160
1093
1027
961
895
829
763
697
631
564
498
432
366

T(K)

 
   (a)            (b) 

Figure 10: Experimental and Simulated Fire Front  
at (a) t=122s and (b) t=144s 

 
Data from ecological experiments are error prone [19]. 

In our case the fire front position is subject to the 
uncertainties of experimental conditions. The deviations in 
the experimental fire perimeter can be explained by the 
disturbances induced by heterogeneity of the needle bed and 
by heterogeneity of ignition. These conditions are not taken 
into account in the mathematical model and cannot be 
predicted. Nevertheless, we qualitatively see that the 
simulation program is capable of reproducing with sufficient 
accuracy the input/output transformation of the system. 
 

6 DISCUSSION 
 Figure 11 compares execution time of the DSDTSS 

model and a continuous CA one on a 500 MHz Pentium III 
processor. Whereas the CA is scanning all the cells at each 
time step our dynamic structure model focuses the 
calculation only on the active cells updating the active cells 
thanks to the executive transition function.  
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Figure 11: Execution Time Comparison 
 
We see that dynamically changing the structure of the 

cell space at each time step results in an important execution 
time reduction. The higher is the number of cells the higher 
is the reduction. 

However, using the DSDTSS formalism does not only 
reduce execution time, it improves model’s understand 
ability and provides an interesting framework for cell spaces 
modelling and simulation. Moreover, the simple original 
algorithm we developed and used through the transition 
function of the executive model can be easily reused for 
simulating other transport processes. 
 
 
7 CONCLUSION 

 We presented efficient abstract simulators for 
simulation of large scale cellular DSDTSS network models. 
A generic algorithm has been presented for optimising 
simulation of transport processes. Finally, an application to a 
laboratory fire spreading showed the execution time gain 
when using DSDTSS formalism and its aggregated network 
simulator for large scale cellular modelling and simulation.  
 Using DSDTSS formalism, cell spaces can easily 
change their structure during the simulation (calculation 
domain size, neighbourhoods or rules of the cells). A 
modeller simple has to specify the transition and output 
functions of the cells and the transition function of the 
executive model.  

Efficient abstract simulators have been defined in a non-
modular way for simulation efficiency. Nevertheless, 
DSDTSS models are modular. A more formal representation 
of dynamic structure cellular models has now to be defined. 
Adding the Multicomponent approach, the DSDTSS 
principles and its new efficient abstract simulators for large 
scale dynamic structure cellular models will provide a very 



powerful formalism for soundly modelling and simulating 
large scale cell spaces. 
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