                             DEP A R T A M ENT O DE COM P UT A CI ÓN

        F a c u l t a d  d e Ci en c i a s E x a c t a s y N a t u r a l es

                                       UNI V ER SI DA D DE BUENOS A I R ES

                                                                                              INFORM E TÉCNICO

           N-dimensional Cell-DEVS

Gabriel A. W ainer, Norbert Giambiasi

                                                                                     Report n.: 97-0 17

   Pabellón 1 - Planta Baja - Ciudad Universitaria

                                                                                           (1428) Buenos Aires

Argentina

                                                                                            http://www.dc.uba.ar

T i t l e :

N-dimensional Cell-DEVS

A ut h o r s : Gabriel A. Wainer; Norbert Giambiasi.

E-m ai l : gabrielw @dc.uba.ar

R e p o r t  n . : 97-0 17

K e y -w o r d s : DEVS modelling and simulation, Cellular

Automata, Cell spaces.

A bst r ac t :

This article presents an extension to the timed binary Cell-DEVS paradigm.

The goal is to allow the modelling of n-dimensional generic cell spaces,

including transport or inertial delays for each cell. The automatic definition of

cell spaces is achieved, simplifying the construction of new models. The

model definition is independent of the simulation mechanism, easing the

verification of the structural models. It was shown that the Cell-DEVS models

can be integrated in a DEVS hierarchy, improving the definition and

description of complex systems. This approach allows improvements in the

execution times and precision for the cell spaces simulations due to the use of

a continuous time base.

T o obtain a copy of this report please fill in your nam e and address and return this page to:

Infoteca

Departamento de Computación - FCEN

Pabellón 1 - Planta Baja - Ciudad Universitaria

(1428) Buenos Aires - Argentina

T EL/FAX: (54)(1)783-0729

e-mail: infoteca@dc.uba.ar

You can also get a copy by anonym ous ftp to:  zorzal.dc.uba.ar/pub/tr

                                         or visiting our web:  http://w w w .dc.uba.ar/people/proyinv/tr.html

Nam e:..................................................................................................................................................

Address:...............................................................................................................................................

        ............................................................................................................................................................

N-dimensional Cell-DEVS

                                                                                            Gabriel A. Wainer  * §

                                                                                                    gabrielw@dc.uba.ar

Norbert Giambiasi §

Norbert.Giambiasi@iuspim.u-3mrs.fr

                                                                             * Departamento de Computación

                                                     Facultad de Ciencias Exactas y Naturales

                                                                                         Universidad de Buenos Aires

                                                                           Pabellón I - Ciudad Universitaria

                                                                    Buenos Aires (1428) ˘ ARGENTINA

§ DIAM-IUSPIM

Université d’Aix-Marseille III

Av. Escadrille Normandie Niemen

13397 Marseilles Cédex 20 - FRANCE

Abstract

                                                  This article presents an extension to the timed binary Cell-DEVS paradigm. The goal is to

                                                  allow the modelling of n-dimensional generic cell spaces, including transport or inertial

                                                  delays for each cell. The automatic definition of cell spaces is achieved, simplifying the

                                                  construction of new models. The model definition is independent of the simulation

                                                  mechanism, easing the verification of the structural models. It was shown that the Cell-

                                                  DEVS models can be integrated in a DEVS hierarchy, improving the definition and

                                                  description of complex systems. This approach allows improvements in the execution times

                                                  and precision for the cell spaces simulations due to the use of a continuous time base.

Keywords: DEVS models, Modelling Paradigms, Cellular Automata, Discrete event simulation, Cell-DEVS

models.

1.  INTRODUCTION

In [WG98] the Timed Cell-DEVS formalism was presented, as a combination of the DEVS [Zei76] and

Cellular Automata [Wol86] paradigms with timing delays. The paradigm allows to describe cell spaces as

discrete events models, where each cell is seen as a DEVS atomic model that can be delayed using several

constructions [GM76]. The paradigm included binary or three-state values for each of the cells in the space,

and only allowed two dimensional models. This work is devoted to present an extension to a more general

formalism that allows to model n-dimensional spaces with generic state sets.

Zeigler’s paradigm is used to specify formally discrete events systems using a modular description. The

quantitative complexity of the problems is attacked by using a hierarchical approach. A model is seen as

composed by behavioral (atomic) submodels than can be combined into structural (coupled) models. As the

formalism is closed under closure, coupled models can be seen as new base models that can integrated

hierarchically. This strategy allows the reuse of tested models, improving the safety of the simulations and

allowing to reduce the development times. Recalling Zeigler’s definitions, a DEVS atomic model can be

formally described as:

________

This work was partially supported by the UBACYT project TX-004, "Concurrence in Distributed Systems" of the

Universidad de Buenos Aires.

M = < I , X , S, Y ,
d

int

,
d

ext

,
l
, D >

where

I  = <

                                m
                                       , P

                                                      x

                                                             , P

                                                                            y

                                                                                      > is the model’s modular interface. Here,
m

Î
 N ,
m

< ¥
is the number of input/output ports, and

                               "
                                          j

                                                     Î
                                                                  [1,

                                                                                     h
                                                                                             ], i

                                                                                                                Î
 {X, Y}, P

j
i

 is the definition of a port (input or output respectively), defined as          P

j
i

                               = { (N

                                                                    j

                                                                        i

                                                                            , T

                                                                                            j

                                                                                                i

                                                                                                    ) /

                                                                                                                        "
 j

Î
[1,
h+m
],  N

j
i

Î
 [ i

1

, i

h+m

] (port name), y T

j
i

Î I

i

 (port type)},  where

I

i

 = { x / x

Î

                               X  if i  = X } or

                                                                                                                 I

                                                                                                                      i

 = { x / x

Î
 Y  if i  = Y } ;

X  is the input events set;

S  is the state set;

Y  is the output events set;

       int

                 : S

                                    ®
                                                  S, is the internal transition function;

       ext

                  : Q x X

                                                               ®
                                                                             S, is the external transition function; where Q = { (s, e) / s

Î
 S, and e

Î
 [0, D(s)]};

        : S

                       ®
                                    Y, is the output function; and

D : S

                             ®
                                           R

                                                       0

                                                              +

                                                                         È ¥,
                                                                                                        is the elapsed time function.

Each model is seen as having input and output ports used to communicate with other models. T he input and

output events will determine the values to appear in those ports. T he input external events are received in an

input port, and the model specification should define the behavior under such inputs. T he internal events

produce state changes, whose results are spread through the output ports. T he model’s influences will

determine if these values should be sent to other models.

An atomic model can be integrated with other DEVS models to build a structural model. T hese models are

called coupled, and are integrated by base models, that is, atomic or other coupled ones. DEVS coupled

models are formally defined as:

CM = < I , X , Y , D, {M

i

}, {I

i

}, {Z

ij

}, select >

where

I  = <

                                m
                                       , P

                                                      x

                                                             , P

                                                                            y

                                                                                      > is the model’s modular interface defined like in the atomic models;

X  is the set of input events;

Y  is the set of output events;

D

              Î
                           N, D <

                                                                 ¥
                                                                              is an index for the components of the coupled model, and

"
             i

                     Î
                                  D, M

                                                                i

                                                                    is a basic DEVS model, where

M
i

 = < I
i

, X
i

, S
i

, Y
i

,
d

inti

,
d

exti

, ta
i

 >

I

     i

         is the set of influencees of model i, and

"
j

Î
I

i

, and

Z

         ij

              : Y

                                i

                                      ®
                                                       X

                                                                 j

                                                                    is the i to j translation function.

Finally, select is the tie-breaking selector.

Cellular Automata are discrete-time discrete models described as cells organized as n-dimensional infinite

lattices. Each cell in the automaton has a discrete value that is changed by a local computation function. This

function uses the present value for the cell and a finite set of neighbor cells to compute the new state. The use

of discrete time poses constraints in the precision and execution performance of these complex models. To

achieve the desired accuracy, smaller time slots must be used, producing higher needs of processing time. To

avoid these problems, asynchronous solutions can be used.

In the Timed Cell-DEVS formalism, each cell is defined as an atomic model, and a procedure to couple cells

is depicted. Inertial and Transport delays allow to define complex behaviors for each cell, improving the

definition for each of the submodels. A transport delay allows to model a variable commutation time for each

cell with anticipatory semantics (every scheduled event will be executed). Using inertial delays, the semantics

is preemptive: some scheduled events are not executed due to a too small interval between two inputs events.

This kind of delay allows to analyze frequency limit response of systems [GG96].

T he following sections will be devoted to present the definitions for the formalism, considering n-dimensional

spaces and showing the equivalence with DEVS models. First, a formal description for cellular automata is

depicted. Section three presents the formal specification for the Cell-DEVS paradigm. Here, a definition for

one cell is analyzed. After, closed cell spaces are studied. Finally, cell spaces that can be coupled with other

DEVS models are presented.

2.  FORM AL DEFINITION OF CELLULAR AUTOM ATA

T his section is devoted to present a formal definition for different paradigms associated with cellular

automata. It includes formal descriptions for conceptual and executable cellular automata. In the latter case,

synchronous and asynchronous approaches are considered.

2.1  Conceptual Cellular Automata

A conceptual cellular automaton can be defined as:

CCA = < S, n, C, N, T ,
t
, c . Z

0

+

>

where

S  is the alphabet used to represent the state for each cell;

n  is the dimension for the cell space;

C  is the state set for the cell space;

N  is the neighborhood set;

T  is the global transition function;

       is the local computation function; and

c . Z

                  0

                         +

                                  is the discrete time base for the cellular automata.

Notation 1

From now, C

                                                                          c

                                                                                 Î
                                                                                                 S will define the status for the cell c, being c

Î
 Z
n

, c = (i

1

,...,i

n

) the cell’s position into the n-

dimensional cell space. Here,

"
 k

Î
 [1,n],  i

k

Î
 Z  is the position of the cell in the k-eth dimension.

For conceptual cellular automata,

"
 k

Î
 [1,n], i

k

Î [ - ¥ , ¥ ] .

Using this notation, each of these sets can be defined as follows:

·
       S

                                    Í
                                               Z

                                                              Ù
                                                                       #S <

                                                                                                    ¥
                                                                                                             .

·
       n

                                    Î
                                               N .

·
       C  = { C

                                                                     c

                                                                               / c

                                                                                                Î
                                                                                                           Z

                                                                                                                      n

Ù
 C

c

Î
 S }.

·
       If the neighborhood is homogeneous, N  = { (v

k1

,...,v

kn

) /

" (
k

Î ,
k

Î
 [1,

 h
])

Ù
 (i

Î ,
i

Î
 [1, n]), v

ki

                         Î
                                      Z  }. T he

                                                                                             h
                                                                                                      value represents the neighborhood’s size, and in this case,
h

Î
N

Ù
h
 = #N. N is usually

                         defined as a set of adjacent cells; that is, each v

ki

Î [ -1,  1] .
Instead, if general neighborhoods are

                         considered, then, N  = {N

c

 / c

Î
 Z
n

 }, with N

c

 = { (v

k1

,...,v

kn

)

c

 /

" (
k

Î ,
k

Î
 [1,

 h

c

])

Ù
 (i

Î ,
i

Î
 [1,

                         n]), v

                                                       ki

                                                                     Î
                                                                                  Z  }. Here,
h

c

Î

Ù
h

c

 = #N

c.

·
       T : C x c . Z

                                                                                   0

                                                                                          +

                                                                                                  ®
                                                                                                                C.

·
       : C

                                                 c

                                                      x N x c . Z

                                                                                                                   0

+

®
 C

c

. Here, if the neighborhood is homogeneous, C

c

[ t + c ] =
t
(C

c + v1

[ t ],...,  C

c + v
h

[ t ]),

                         where t

                                                                           Î
                                                                                      c . Z

                                                                                                             0

                                                                                                                    +

Ù

"
 (k

Î ,
k

Î
 [1,

 h
]), vk

Î
 N

Ù
 c +  vk = (i

1

+v

k1

,..., i

n

+v

kn

). Instead, if non-

                         homogeneous cellular automata are defined,

                               : C

                                                 c

                                                      x N

                                                                                 c

                                                                                      x c . Z

                                                                                                                        0

+

®
 C

c

. Here, C

c

[ t + c ] =
t
(C

c + v1

[ t ],...,  C

c + v
h
c

[ t ]), where t

Î
 c . Z

0

+

Ù

"
 (k

Î ,
k

Î

                         [1,

                                         h

                                                    c

                                                        ]), vk

                                                                                          Î
                                                                                                    N

                                                                                                                 c

                                                                                                                        Ù
 c +  vk = (i

1

+v

k1

, ..., i

n

+v

kn

).

·
       Finally, c . Z

                                                                                         0

                                                                                                +

                                                                                                         = { i / i

Î
 N , i = c .j

Ù
 j

Î
 N } = { 0, c , 2 c , 3 c , ...}.

As it can be seen in the definition, the model is composed by an n -dimensional cell space ( C ). T his state space

progresses in discrete time steps: the time base is defined by c . Z

0

+

 (a set of integer values separated by a time

constant). T he state for each cell in the space can take a value from a finite alphabet ( S ). Several extensions of

cellular automata consider continuous values for the states. In this cases, S

Í
 R .

T he cell’s neighborhood is defined as a list of  n-dimensional neighbors. In the homogeneous case, the

neighbors are defined as an n-tuple of positions relative to the origin cell. T his definition uses an index (k) that

allows to identify the neighbor number, and a second index (i) indicating the dimension for each of the

neighbors’ positions. T he non-homogeneous neighborhoods are defined with an array of neighborhood lists. In

this case, each cell will have a neighbor’s list composed by
h

c
elements, which are constituted by tuples of

indexes relative to the origin cell.

T he state space of the automata evolves by executing a global transition function ( T ) that changes the state of

the cell space. T he behavior of this function respond to the execution results of local transition functions ( )

that execute locally in the neighborhood for the cell ( N ). Conceptually, the computation for these local

functions is done synchronously and in parallel for every cell in the space. T he semantics of this behavior can

be defined by the following rule:

C

c

 Î
C

"
c

Î
 Z
n

,             t

Î
 c . Z

0

+

                                                                                                 ____________________________________________________________

                                                                                                            C[ t + c ] = T (C[ t ]),      with C

c

[ t + c ] =
t
(N

c

,C

c

[ t ])

"
 c

Î
 Z
n

;          t = t + c

T his definition considers that the global transition function analyzes all the cell space at the instant t , and then

it produces a change in the cell space for the next step. T he period for this step is of c  time units. T his change

can be seen as the individual computation of the local transition function for each cell in the space.

2.2  Synchronous executable cellular automata

T he previous case considered that the index for the cell space can include an infinite number of cells. As the

interest is focused into models that can run in a computer, an executable synchronous cellular automata can be

defined as:

CA = < S, n, {t

1

,...,t

n

}, C, N, B, T ,
t
, c . Z

0

+

>

where all the elements in the tuple represent the same sets of the previous case, and the following sets were

added:

{ t

           1

                ,...,t

                                      n

                                           } is the number of cells for each of the dimensions; and

B  is the set of border cells.

Here,

·
       S

                                    Í
                                               Z

                                                              Ù
                                                                       #S <

                                                                                                    ¥
                                                                                                             ;

·
       n

                                    Î
                                               N  ; n <

                                                                                         ¥
                                                                                                  ;

·
       { t

                                    1

                                         ,...,t

                                                               n

                                                                    }

                                                                              Î
                                                                                         N , with t

k

 <

¥  "
 k

Î
 [1,n];

·
       C  = { C

                                                                     c

                                                                               / c

                                                                                                Î
                                                                                                           I

                                                                                                                      Ù
 C

c

Î
 S }, with

I  = { (i

1

,...,i

n

) / i

k

Î
 N

Ù
 i

k

Î
 [1, t

k

]

"
 k

Î
 [1, n] }                  ( 1 )

·
       For homogeneous neighborhoods, N  = { (v

k1

,...,v

kn

) /

" (
k

Î ,
k

Î
 [1,

 h
])

Ù
 (i

Î ,
i

Î
 [1, n]), v

ki

Î
Z

                         Ù
                                  t

                                         i

                                            - | v

                                                                    ki

                                                                               |

                                                                                        ³
                                                                                                0 }. Here
h

Î
N ,
h

£

i
n

=

Õ

1
t

i

Ù
h =
 #N. Instead, if general neighborhoods are defined,

                         N  = {N

                                                                    c

                                                                           / c

                                                                                                Î
                                                                                                           N

                                                                                                                        n

, c

Î
 [1,t1]x...x[1,t

n

]}, with N

c

 = { (v

k1

,...,v

kn

)

c

 /

" (
k

Î ,
k

Î
 [1,

 h

c

])

Ù
 (i

Î ,
i

Î

                         [1, n]), v

                                                                          ki

                                                                                        Î
                                                                                                     Z

                                                                                                                     Ù
 t

i

 - | v

ki

 |

³
 0 }. Here,
h

c

Î

Ù
h

c

 = #N

c.

·
       B = {

                                                        Æ
                                                                    } if the cell space is "wrapped" (that is, the cells in each border are connected with the cells in the

                         opposite one), or

                         B = {C

                                                                       b

                                                                               / C

                                                                                                        b

                                                                                                                      Î
C with b

Î
 I  }, with I  defined as in (1). In this case, B has the restriction that

                         t

                               b

                                       ¹  t

                                                           c

                                                                  = t  "
                                                                                                       (C

                                                                                                                       c

Ï
B)

Ù
 (C

b

Î
B).

·
       T : C x c . Z

                                                                                   0

                                                                                          +

                                                                                                  ®
                                                                                                                C.

·
       : C

                                               c

                                                    x N

                                                                           c

                                                                                x c . Z

                                                                                                              0

                                                                                                                     +

®
 C

c

; where C

c

[ t + c ] =
t
(C

c
�
v1

[ t ],...,C

c
�
v
h

[ t ]),                       ( 2 )

                         with t

                                                            Î
                                                                       c . Z

                                                                                            0

                                                                                                  +

                                                                                                              Ù

"
 (k

Î ,
k

Î
 [1,

 h

c

]), vk

Î
 N

c

Ù
 c �  vk = (i

1

+v

k1

 mod(t

1

),..., i

n

+v

kn

 mod(t

n

)) in the case

                         that B = {

                                                                                Æ
                                                                                            }, and C

b

[ t + c ] =
t

b

(C

b

[ t ]),

"
 b

Î
 B, with t

Î
 c . Z

0

+

. In this case,
t

b

 ¹  t

c

 = t "
 c

Ï
 B, and for

                         these ones, C

                                                                                                  c

                                                                                                       is computed like in (2). If the cell space is homogeneous, then
h

c

 =
h

Ù
 N

c

= N.

T his definition for executable cellular automata differs in certain aspects of that of conceptual ones. T he first

difference is that the cell space is bounded in each of the dimensions ( t

1

,...,t

n

). T he number of dimensions is

also finite, and the cell’s indexes are bounded to finite natural numbers.

Another constraint is due to the loss of homogeneity in the cell space. T his is due to the existence of a finite

number of cells. T herefore, it is necessary to include a set of border cells ( B ) with different behavior than the

others in the cell space. All the cells in the border have different behavior that those in the rest of the

automaton. When  B

                                                                                                                       ¹
{

Æ
}, it is used to be defined as: B = {C

b

 / C

b

Î
C with b

Î
 L}, being L = { (i

1

,...,i

n

) /

i

    j

       = 0

                                Ú
                                         i

                                               j

                                                   = t

                                                                     j

                                                                          "
                                                                                     j

                                                                                               Î
                                                                                                          [1, n] }, and with
t

b

 ¹  t

c

 = t "
 c

Ï
 L.

T he semantics for the transition function T  is that the local transition functions in the automata are executed

simultaneously in parallel, and is defined by:

                                                                                                                    C

c

 Î
C

"
c = { (i

1

,..., i

n

) / i

j

Î
[1, t

j

]

"
 j

Î
 [1,n] },             t

Î
 c . Z

0

+

                ___________________________________________________________________________________

              C[ t + c ] = T (C[ t ]),    with C

c

[ t + c ] =
t
(N

c

,C

c

[ t ])

"
 c = { (i

1

,..., i

n

) / i

j

Î ,
i

j

Î
[1, t

j

]

"
 j

Î
 , j

Î
 [1,n] };

t = t + c

T he meaning is similar that in the case of conceptual automata, but bounding the cell space.

2.3  Asynchronous executable cellular automata

Finally the formal definition for a set of asynchronous cellular automata that can be executed is defined as:

ACA = < S, n, {t

1

,...,t

n

}, C, N, B, Nevs, T ,
t,
 R

0

+

 >

where all the sets are defined as in the previous cases, except by the time base (that in this case is continuous),

and a Next events list ( Nevs ). T hese sets are defined by:

·
       S

                                    Í
                                               Z

                                                              Ù
                                                                       #S <

                                                                                                    ¥

·
       n

                                    Î
                                               N  , n <

                                                                                        ¥
                                                                                                  .

·
       { t

                                    1

                                         ,...,t

                                                               n

                                                                    }

                                                                              Î
                                                                                         N , with t

k

 <

¥  "
 k

Î
 [1,n].

·
       C  = { C

                                                                     c

                                                                               / c

                                                                                                Î
                                                                                                           I

                                                                                                                      Ù
 C

c

Î
 S }, with I  defined as in (1).

·
       For homogeneous neighborhoods, N  = { (v

k1

,...,v

kn

) /

" (
k

Î ,
k

Î
 [1,

 h
])

Ù
 (i

Î ,
i

Î
 [1, n]), v

ki

Î
Z

                         Ù
                                  t

                                         i

                                            - | v

                                                                    ki

                                                                               |

                                                                                        ³
                                                                                                0 }. Here
h

Î
N ,
h

£

i
n

=

Õ

1
t

i

Ù
h =
 #N. Instead, if general neighborhoods are defined,

                         N  = {N

                                                                    c

                                                                           / c

                                                                                                Î
                                                                                                           N

                                                                                                                        n

, c

Î
 [1,t1]x...x[1,t

n

]}, with N

c

 = { (v

k1

,...,v

kn

)

c

 /

" (
k

Î ,
k

Î
 [1,

 h

c

])

Ù
 (i

Î ,
i

Î

                         [1, n]), v

                                                                          ki

                                                                                        Î
                                                                                                     Z

                                                                                                                     Ù
 t

i

 - | v

ki

 |

³
 0 }. Here,
h

c

Î

Ù
h

c

 = #N

c.

·
       B = {

                                                        Æ
                                                                    } if the cell space is wrapped, or

                         B = {C

                                                                  b

                                                                          / C

                                                                                             b

                                                                                                        Î
                                                                                                                      C with b

Î
 I  }, with I  defined as in (1). In this case, the set B is subject to the constraint

                         that

                                                 t

                                                       b

                                                               ¹  t

                                                                                   c

                                                                                          = t  "
 (C

c

Ï
B)

Ù
 (C

b

Î
B).

·
       Nevs = { (c, t ) / c

Î
I

Ù
 t

Î
R

0

+

}, where c is the position of a cell in the space, I is defined as in (1), and t

                         is the time of the corresponding event.

·
       T : C x R

                                                                          0

                                                                                 +

                                                                                         ®
                                                                                                       C.

·
       : C

                                               c

                                                    x N

                                                                           c

                                                                                x R

                                                                                                      0

                                                                                                            +

                                                                                                                        ®
 C

c

; where C

c

[ t

p

] =
t
(C

c
�
v1

[ t ],...,C

c
�
v
h
c

[ t ]),                   ( 3 )

                         with t

                                                              Î
                                                                         R

                                                                                     0

                                                                                            +

                                                                                                        Ù

                                                                                                                     "
 (k

Î ,
k

Î
 [1,

 h
]), vk

Î
 N

c

Ù
 c �  vk = (i

1

+v

k1

 mod(t

1

),..., i

n

+v

kn

 mod(t

n

)) when B =

                         {

                                Æ
                                           }, and C

                                                                                          b

                                                                                               [ t

                                                                                                       p

                                                                                                           ] =
t

b

(C

b

[ t ]),

"
 b

Î
 B, with t

Î
 R

0

+

. In this case,
t

b

 ¹  t

c

 = t "
 c

Ï
 B, and for these cases,

                         C

                                  c

                                       is computed as in (3). Here, t

p

 = min{ t

i

}

i
n

= 1

, with i, p

Î  /
t

i

Î
 R

0

+

, and b = c

p

Ú
 c = c

p

, with ( t

i

, c

i

)

Î

                         Nevs. In this case,
t

b

 ¹  t

c

 = t "
 c

Ï
 I (1), and for these, C

c

 is computed as in (3). If the cell space is

                         homogeneous, then
h

c

 =
h

Ù
 N

c

= N.

As it can be seen, most of the sets and functions defined are similar than for the synchronous case. T he

changes are due to the existence of a continuous time base (that is, the time variables t

Î
R

0

+

). T o allow the

asynchronous definition, a next events list ( Nevs ) should be included to keep the information related with the

next events to be treated.

In this case, the semantics for the global transition function is different from for the previous case. Here, this

function means to execute only a group of non-quiescent cells called the imminent . T he execution of this

function is done simultaneously in all the imminent cells for a given simulated time. T he semantics of this

behavior can be specified as:

                                                                            C

                                                                                      c

                                                                                           Î
                                                                                                          C

"
c

Î
 I  (1),                  C

p

= { (c

p

 , t

p

) / (c

p

 , t

p

)

Î
 Nevs }

Ù
    t

p

 = min{ ti }

i
n

= 1

         _____________________________________________________________________________________

                                  C[ t

                                                   p

                                                        ] = T (C[ t ]),   with C

cp

[ t

p

] =
t
(N

cp

, C

cp

[ t ])

"
cp = c

p

 / (c

p

 , t

p

)

Î
 C

p

;  t  = t

p

Ù
  Nevs = Nevs

È
 N

cp

In this case, the automaton progresses using the imminent cells (C

p

) to execute the local computation function.

T he simulated time is considered that of the last executed event ( t

p

). Finally, the neighbor cells are added in

the Next-events list.

3.  CELL-DEVS FORM ALISM

T his section is devoted to present a paradigm used to describe n-dimensional cellular models. T hese models

can be defined as DEVS models with different delays. Inertial and transport delays are useful to model circuit

applications, and to define other class of physical phenomena that can be described as cell spaces. As

previously stated, the Cell-DEVS formalism was defined as a modelling paradigm for bidimensional timed cell

spaces. A simulation mechanism was introduced for these models, based on a previous formal specification for

ideal transport delays [GG96].

3.1  Formal specification of atomic Cell-DEVS models with transport delays.

T his section introduces the definition of n-dimensional Cell-DEVS modular models with transport delays .

T his construction allow to reflect the direct propagation of signals in lines of infinite bandwidth. Each cell in

the model is defined as an atomic model that can be coupled with other cells to build a complete cell space.

Figure 1  presents informally the basic contents for a cell. In this atomic model, a cell has
h

c
inputs where the

external events arrive. When a new external event arrives, the local computation function
t
is executed using

the present input values. T he result of this computation is delayed during d time units before being transmitted

to the neighbor cells. T o do so, an internal event is scheduled. A queue must be used to keep the values of the

computations’ results with their future scheduled time, due that during the delay, new external events can

arrive. When the internal event time arrives, the value is transmitted through an output port. T he new state will

only be transmitted if it is different from the previous one, because the influenced models only must be

activated under state alteration. T o allow this distinction, the cell’s state keeps the present and past value for

the cell.

                                                                                                          Figure 1 . Inform al description of an atom ic cell with transport delays.

Hence, a Cell-DEVS atomic model with transport delays can be formally defined as:

T DC = < X , Y , I , S,
q
, N, d,
d

int

,
d

ext

,
t
,
l
, D >

where for #

                                                                T < ¥   Ù
                                                                                                                       T

Î
 { , , R ,

 } È  {f};

X

             Í
                        T  is the set of external input events;

Y

            Í
                       T  is the set of external output events;

I  = <

                                h,  m
                                                       , P

                                                                      x

                                                                            , P

                                                                                           y

                                                                                                     > represents the definition of the model’s modular interface. Here,

                         h

                                     Î
                                                N ,

                                                                   h < ¥
                                                                                                           is the neighborhood’s size,

                         m

                                    Î
                                               N ,

                                                                   m

                                                                              < ¥
                                                                                                          is the number of other input/output ports, and

                         "
                                    j

                                              Î
                                                           [1,

                                                                              h
                                                                                      ], i

                                                                                                         Î
                                                                                                                    {X, Y}, P

j
i

 is a definition of a port (input or output respectively), with

                              P

                                                  j

                                                     i

                                                          = { (N

                                                                                                j

                                                                                                    i

                                                                                                        , T

                                                                                                                        j
i

) /

"
 j

Î
[1,
h+m
],  N

j
i

Î
 [ i

1

, i

h+m

] (port name), y T

j
i

Î I

i

 (port type)}, where

                                                     I

                                                          i

                                                             = { x / x

                                                                                                                 Î
 X  if X } or

I

i

 = { x / x

Î
 Y  if i  = Y } ;

S

           Í
                      T  is the set of sequential states for the cell;

        is the definition of the cell’s state, defined as

q
        = { (s, phase,

                                                                                        s
                                                                                                queue,
s
)  /

                         s

                                  Î
                                             S is the status value for the cell,

                         phase

                                                            Î
                                                                       {active, passive},

                         s
                                 queue = { ((v

                                                                                                           1

                                                                                                                   ,

                                                                                                                      s

1

),...,(v

m

,
s

m

)) / m

Î
 N

Ù
 m

< ¥ ) Ù

"
 (i

Î
 N , i

Î
 [1,m]), v

i

Î
 S

Ù s

i

Î
R

0

+

È¥
}; and

                         s

                                     Î
                                                R

                                                           0

                                                                  +

                                                                              È

                                                                                            ¥

} ;

N

              Î
                        S

                                   h+m

                                                           is the set of states for the input events;

d

           Î
                      R

                                  0

                                         +

                                                 , d <

                                                                             ¥
                                                                                        is the transport delay for the cell;

       int

                 :

                        q ® q
                                                             is the internal transition function;

       ext

                  : Qx X

                                                      ®

                                                                        q
                                                                                is the external transition function, where Q is the state values defined as:

Q = { (s, e) / s

Î
q
 x N x d; e

Î
 [0, D(s)]};

      : N

                           ®
                                         S is the local computation function;

        : S

                          ®
                                        Y  is the output function; and

D :

                 q
                         x N x d

                                                                         ®
                                                                                       R

                                                                                                   0

                                                                                                          +

                                                                                                                     È

¥
, is the state’s duration function.

T his definition is independent of the simulation technique used. T herefore, it allows to specify the behavior of

the system without considering implementation details.

Each cell has an interface, composed by a fixed number of ports used to establish the internal coupling of the

cell’s model. T he number of these ports is equal to the size of the neighborhood for the cell. If other inputs or

outputs are needed, the other defined ports are used. Each port is defined by an identifier (X for input or Y for

output) and a number. T hough the ports’ values, input/output sets and cell’s states can be defined on many

different domains, the N , Z , R , and Boolean  sets were chosen. T his choice was due that most applications use

data in these domains, and most symbol sets can be mapped onto them. An undefined symbol (
f
) was included

with the goal to define the state of the cell when it is not known. T his allows to reflect certain situations where

the present value for a cell is not known nor can be computed.

T he state for each cell is defined as a set composed by its present value and phase. A queue is also used to

keep the next events values and their scheduled simulated time. T he N set is used to represent the input values

for the cell and it is composed by an
h+m
-tuple (s

1

,..., s

h+m

), where s

i

Î
 S. T his set is used to record the

present values used to compute the future value for the cell through the local computation function . T he

duration function D  manages the cell’s lifetime. Here, D (s, phase,
s
queue,
s
, N, d) = t  represents the time

during which a cell keeps the present status if no external events are detected.

T he transition and output functions (

int

,

ext

) have the same goals than those used in traditional DEVS

models. T he internal transition function is used to define state changes due to internal events, and the external

transition function will express the occurrence of external events. Nevertheless, the semantic for these

functions is different from the presented for DEVS models. Here, each cell can have an associated delay ( d ),

allowing to delay the execution of the internal transition function. T he transport delay construction allows the

state changes to be deferred up to the moment when the time is consumed. Also, the atomic models do not

change to a passive state when the internal transition function is executed, because during the delay new

external events can arrive. T herefore, a cell only passivates when the delay has been consumed and there are

no more scheduled events. T his behavior was presented in [WG98], and the semantics for the functions can be

defined as follows:

       int:

s
 = 0;

s
queue

¹
 {

Æ }
; phase = active

                                                          _______________________________________________________________________

                                                                    "
                                                                               i

                                                                                        Î
                                                                                                    [1, m], a

i

Î s
queue, a

i

.

s
 = a

i

.

s
 - head(
s
queue.

s
);

s
queue = tail(
s
queue);

s = head(
s
queue.v);

s
 = head(
s
queue.

s
);

s
 = 0;

s
queue = {

Æ }
; phase = active

                                                          _______________________________________________________________________

s
 =

¥
; phase = passive

s
 = 0;

________________________

out = head(
s
queue.v);

       ext:

                                                                                            s’ =

                                                                                                                   t
(N

c

);

s

¹
 0;  e = D(
q
 x N x d); phase = active

                           ________________________________________________________________________________

                                    s

                                             ¹
                                                      s’

                                                                       Þ
                                                                                        (s’ = s

Ù

"
 i

Î
 [1,m] a

i

Î s
queue, a

i

.

s
 = a

i

.

s
 - e

Ù
s
 =
s
 - e;  add(
s
queue, <s’, d>)  )

                                                                                        s’ =

                                                                                                               t
                                                                                                                     (N

c

);

s

¹
 0;  e = D(
q
 x N x d); phase = passive

                                                                 _____________________________________________________________________

                                                                                                     s

                                                                                                              ¹
                                                                                                                      s’

Þ
    ( s’ = s

Ù
s
 = d

Ù
  phase = active

Ù
  add(
s
queue, <s’, d>)  )

In this case, the functions tail/head/add represent the traditional methods to manage the elements of a list. T he

variables

                                                      s
                                                              queue,

                                                                                                      s
                                                                                                              , phase, m, s and s’ are defined by the previous specification.

3.2  Cell-DEVS models with inertial delays

T he introduction of inertial delays allows to model phenomena with preemptive semantics. T his construction

discards the inputs of a cell if their values are not kept during a predefined period. Conversely, the input

values are taken into account if the input flow is constant for this interval (called the inertial delay). T he use of

this construction allows to model complex behaviors in a simple fashion.

A Cell-DEVS atomic model with inertial delays can be defined as:

IDC = < X , Y , I , S,
q
, N, d,
d

int

,
d

ext

,
t
,
l
, D >
where for

                                                         # T < ¥   Ù
                                                                                                                   T

Î
 {  , , R ,

 } È  {f};

X

             Í
                        T  is the set of external input events;

Y

            Í
                       T  is the set of external output events;

I  = <

                                    h,  m
                                                            , P

                                                                            x

                                                                                   , P

                                                                                                    y

                                                                                                                > represents the definition of the modular model’s interface. Here,
h

Î
 N ,
h < ¥
is the

neighborhood’s size,

                                                                                                                     m

Î
 N ,
m

< ¥
is the number of other input/output ports, and

"
 j

Î
[1,
h
], i

Î
 {X, Y}, P

j
i

is the definition of a port (input or output), defined as

                                                                     P

                                                                             j

                                                                               i

                                                                                    = { (N

j
i

, T

j
i

) /

"
 j

Î
[1,
h+m
],  N

j
i

Î
 [ i

1

, i

h+m

] (port name), y T

j
i

Î I

i

 (port type)},

                                                                                                      I

                                                                                                          i

                                                                                                              = { x / x

Î
 X  if i  = X } or

I

i

 = { x / x

Î
 Y  if i  = Y } ;

S

           Í
                      T  is the set of sequential states for the cell;

        = { (s, phase, f,

                                                                                                        s
                                                                                                                 )  / s

Î
 S, phase

Î
 {active, passive}, f

Î
 T , and
s

Î
 R

0

+

È

¥
} is the definition of the

cell’s state;

N

              Î
                        S

                                   h+m

                                                          , is the set of the external input values;

d

           Î
                      R

                                  0

                                         +

                                                 , d <

                                                                             ¥
                                                                                        is the inertial delay for the cell;

       int

                 : S

                                 ®
                                                     S is the internal transition function;

       ext

                  : Qx X

                                                      ®

                                                                        q
                                                                                is the external transition function, with Q = { (s, e) / s

Î
q
 x N x d

Ù
 e

Î
 [0, D(s)]};

      : N

                           ®
                                         S is the local computation function;

        : S

                        ®
                                        Y  is the output function; and

D :

                 q
                         x N x d

                                                                         ®
                                                                                       R

                                                                                                   0

                                                                                                          +

                                                                                                                     È

¥
, is the duration for the cell’s state.

As it can be seen, most of the sets and functions are similar to those defined for transport delayed models. T he

main differences can be found in the definition for the cell’s state. Here, s , phase and  have the same meaning

than the previous case, but f represents the feasible future value for the cell. If the result of the cell’s

computation is kept during the inertial delay, the next state for the cell will be f . T he d variable defines the

inertial delay, and the semantic for the transition functions must be redefined.

                                                                                                        Figure 2 . Behavior of an atomic cell model with inertial delay [WG98].

T he external transition function must execute the local computation function, and keep that result as the

present value for the cell. T he internal transition function must detect if that input is maintained during the

inertial delay. If not, the previous input is preempted. When the time specified by the delay arrives, the present

value for the cell is transmitted to the neighbors. T he semantic for these functions can be defined as follows:

       int:

s
 = 0; phase = active

_____________________________

s
 =

¥

Ù
   phase = passive

s
 = 0;

______________

out = s

       ext:

                                                                                        s’ =

                                                                                                               t
                                                                                                                     (N

c

);

s

¹
 0;  e = D(
q
 x N x d); phase = passive

                                                                     ____________________________________________________________________

s

¹
 s’

Þ
   (   s’ = s

Ù
   phase = active

Ù
s
 = d

Ù
  f = s )

                                                                                            s’ =

                                                                                                                   t
(N

c

);

s

¹
 0;  e = D(
q
 x N x d); phase = active

                                                                        ___________________________________________________________________

s

¹
 s’

Þ
   s’ = s

Ù
   (f

¹
 s’

Þ
s
 = e

Ù
s
 =
s
 - e

Ù
  f = s)

Lemma 1

T he T DC and IDC models are DEVS atomic models.

Proof:

As previously defined, a DEVS atomic model is defined by

M = < I , X , S, Y ,
d

int

,
d

ext

,
l
, D >

Besides, we have

T DC = < X’ , Y’ , I ’, S’,
q
’, N’, d’,
d

int

’,
d

ext

’,
t
’,
l
’, D’ >

and

IDC = < X’ , Y’ , I ’, S’,
q
’, N’, d’,
d

int

’,
d

ext

’,
t
’,
l
’, D’ >

T o show the equivalence of both models, it must be determined that all the defined sets are equivalent. First,

analyzing the definitions of all the models, it can be seen that I ’
º
 I ; X’
º
 X ; and Y’
º
 Y .

Let us now define S = T  x T  x Sq x N’ x d’, with Sq = { (x, y) / x

Î
 T

Ù
 y

Î
 R

0

+

 È

¥
}; and #Sq <

¥
. Here, Sq

states for the set including the possible values for
s
queue, and T  the state values for the cell (present and past,

or present and feasible, depending on the case).

Now, it has to be considered that every atomic model has two defined variables: phase and
s.
 In this case,
s

can be computed as

                                                                                                                    s
 = min {yi}

i

Sq

= 1

#

  /  (xi, yi)

Î
 Sq. T herefore, it can be said that S
º
q
’ x N’ x d’, and by

construction of the sets, S is a well-defined set of sequential states.

In addition

                                                                d

                                                                       int

                                                                                ’: S

                                                                                                     ®
                                                                                                                    S because, by definition,
d

int

’:

q
’

® q
’, and
q
’

Í
 S.

By its definition, D’:

                                                                                                                    q
 x N x d ’

®
 R

0

+

È

¥
, and it has been said that
q
 x N x d ’
º
 S.

Besides,

                                                  d

                                                         ext

                                                                    ’: Q x X

                                                                                                                  ®
 S, because
d

ext

’: Q’ x X ’

®
q
’, with Q’ = { (s, e) / s

Î
q
’ x N’ x d’

Ù
 e

Î
 [0, D’(s)]}, and,

by definition, Q’

                                                                                              Í
                                                                                                         Q

Ù
  X’
º
 X

Ù
q
’

Í
 S.

t
      ’ is a function activated by
d

ext

’, and it can be considered as part of its behavior (as it was shown in the

definitions for the behavior semantic).

Finally,

                                              l
                                                      ’: S

                                                                              ®
                                                                                             Y , because Y’
º
 Y ,
q
’

Í
 S, and, by definition,
l
’:

q
’

®
 Y .

T herefore, the models are equivalent, and T DC and IDC models can be considered as DEVS atomic models.

ª

3.3  Formal specification of closed coupled Cell-DEVS models.

T he goal of this section is to specify a formal description for coupled Cell-DEVS models. T hey are defined as

a space of atomic cells (as the previously defined) connected by a neighborhood relationship. T he present

specification only will define closed models (that is, that they will not be coupled with other basic models).

T herefore, as inputs and outputs are not used, it will not be necessary to define an interface for the model.

A closed coupled Cell-DEVS model can be defined as:

CC = < n,

{t

1

,..., t

n

}, N, C, B, Z, select >

where

n  is the dimension of the cell space;

{ t

           1

                ,...,t

                                      n

                                           } is the quantity of cells in each of the dimensions;

N  is the neighborhood set;

C  is the cell space;

B  is the set of border cells;

Z  is the translation function; and

select is the tie-breaking function for simultaneous events.

Definition

Let us call C to a cell’s position, where C  = (i

1

,...,i

n

); and V

Î
 Z
n

 to the n-tuple defined as V = (v

1

,..., v

n

), with

v

       i

             Î
                        Z , | v

                                                       i

                                                          |

                                                                      £
                                                                               t

                                                                                     i

                                                                                        . T herefore,

D = C +

t

 V                       ( 4 )

will be defined as the n-tuple D = (j

1

,...,j

n

) computed as: j

k

 = (i

k

 + v

k

) mod (t

k

)

"
 k

Î
 [1, n].

Notation 2

T he k-eth element of the neighborhood list will be called V

k

 = { (v

k1

,...,v

kn

) / (v

k1

,...,v

kn

)

Î N
 }

"
 k

Î ,
                               k

                                      Î
                                                    [1,

                                                                         h
                                                                                 ].

Notation 3

P

        c

            i q
                    will define the port P

q
i  Î
 I

c

, with i

Î
{X, Y}, and (q

Î
 N , q

Î
 [1,
h
]), where I

c

Í
 C

c

, and C

c

 is a T DC or

IDC component.

By using these definitions, we have:

·
       n

                                    Î
                                               N , n <

                                                                                        ¥ ;

·
       { t

                                    1

                                         ,...,t

                                                               n

                                                                    }

                                                                              Î
                                                                                         N , with t

k

 <

¥  "
 k

Î
 [1,n];

·
       For homogeneous neighborhoods, N  = { (v

k1

,...,v

kn

) /

" (
k

Î ,
k

Î
 [1,

 h
])

Ù
 (i

Î ,
i

Î
 [1, n]), v

ki

Î
Z

                         Ù
                                  t

                                         i

                                            - | v

                                                                    ki

                                                                               |

                                                                                        ³
                                                                                                0 }. Here
h

Î
N ,
h

£

i
n

=

Õ

1
t

i

Ù
h =
 #N. Instead, if general neighborhoods are defined,

                         N  = {N

                                                                    c

                                                                           / c

                                                                                                Î
                                                                                                           N

                                                                                                                        n

, c

Î
 [1,t1]x...x[1,t

n

]}, with N

c

 = { (v

k1

,...,v

kn

)

c

 /

" (
k

Î ,
k

Î
 [1,

 h

c

])

Ù
 (i

Î ,
i

Î

                         [1, n]), v

                                                                          ki

                                                                                        Î
                                                                                                     Z

                                                                                                                     Ù
 t

i

 - | v

ki

 |

³
 0 }. Here,
h

c

Î

Ù
h

c

 = #N

c.

·
       C  = { C

                                                                       c

                                                                                 / c

                                                                                                    Î
                                                                                                               I

Ù
 C

c

 = < I

c

, X

c

, Y

c

, S

c

, N

c

, d

c

,
d

int
c

,
d

ext
c

,
t

c

,
l

c

, D

c

> is a T DC or IDC component},

                         with

I  = { (i

1

,...,i

n

) / (i

k

Î
 N

Ù
 i

k

Î
 [1, t

k

])

"
 k

Î
 [1, n] }               ( 5 )

·
       B = {

                                                        Æ
                                                                    } if the cell space is "wrapped"; or

                         B = {C

                                                                 b

                                                                         / C

                                                                                            b

                                                                                                      Î
                                                                                                                    C with b

Î
 I  }, with I  defined like in (5). In this case, the B set is subject to the constraint

                         that

                                                 t

                                                       b

                                                               ¹  t

                                                                                   c

                                                                                          = t  "
 (C

c

Ï
B)

Ù
 (C

b

Î
B).

                         In general, B is defined as B = {C

b

 / C

b

Î
C with b

Î
 L}, being L = { (i

1

,...,i

n

) / i

j

 = 0

Ú
 i

j

 = t

j

"
 j

Î
 [1, n]

                         }, and constrained to
t

b

 ¹  t

c

 = t "
 c

Ï
 L.

·
       Z : I

                                              C

                                                       ®
                                                                      I

                                                                             D

                                                                                     is the translation function, defined (using (4)) as:

                         Z(P

                                              c

                                                    Y

                                                              q

                                                                   ) = P

                                                                                              D

                                                                                                    X

                                                                                                              q

                                                                                                                   ,

" (
q

Î
 N , q

Î
 [1,
h
]), where

"
V

k

 Î
 N, D = C +

t

 V

k

; and

                         Z(P

                                              c

                                                    X

                                                              q

                                                                   ) = P

                                                                                              D

                                                                                                    Y

                                                                                                              q

                                                                                                                   ,

" (
q

Î
 N , q

Î
 [1,
h
]), where

"
V

k

 Î
 N, D = C -

t

 V

k.

·
       select = { (s

                                                                                            1

                                                                                                 , ..., s

n

) / s

i

Î
 N ,

"
i

 Î
 [0, n] }.

In this case, the cell space C  is a coupled model defined as an array of Cell-DEVS atomic models of fixed size

(t

         1

              x ... x t

                                                        n

                                                             ). Each cell has a set of neighbors defined by the neighborhood set ( N ). T his set is represented as a
set of tuples of dimension n defining the relative position between the origin cell and the neighbors. T hese

indexes cannot exceed the boundaries of the cell space.

T he B  set defines the border of the cell space, and can be of two different types. If B = {

Æ
}, every cell in the

space will have the same behavior. T he cells in one border will be connected with those in the opposite one

using the inverse neighborhood relationship. Instead, if the border set is not empty, the cells will have a

different behavior of the others in the model. T he Z  function allows to define the coupling between cells in the

model. T his function translates the outputs of the q-eth output port in the cell C

c

 into values for the q-eth input

port in the cell C

                                                                                                D

                                                                                                      . Finally, the select  function defines an order of execution for the case where simultaneous

events occur.

Lemma 2

T he CC models are DEVS coupled models.

Proof:

A DEVS coupled model is defined as:

CM = < I , X , Y , D, {M

d

}, { I

d

}, {Z

dj

}, select >

CC is a coupled model if CC
º
 CM, with

CC = < n,

{t

1

,..., t

n

}, N, C, B, Z, select >

In this case, the following definition can be considered:

I  = {

                              Æ
                                          };

X  = {

                                  Æ
                                              };

Y  = {

                                 Æ
                                             };

D

              Î
                        N , D

                                                         Î
                                                                   [1,

                                                                                          i

                                                                                              n

                                                                                             =

                                                                                        Õ

                                                                                                  1

                                                                                                                 t

                                                                                                                    i

                                                                                                                       ].

"
           d

                        Î
                                   D, let us consider a mapping function from (x

1

,...,x

n

) to d, defined by

F : [1,t

                                     1

                                         ]x...x[1,t

                                                                                         n

                                                                                              ]

                                                                                                        ®
                                                                                                                       D in such a way that F (c) = F (x

1

,...,x

n

) = d. For instance, the function F (x

1

,...,x

n

) =

                                                    t

                                       j

                                                         i

                                 i
      j

    n

                                    =
         =

          -

                             Õ

   å

                       é

                       ë

                       ê

                                                            ù

                                                            û

                                                            ú

                                          1
              1

               1

                                                                     (x

                                                                                 j+1

                                                                                               -1) + (x

1

 -1) could be used.

For the bidimensional case [WG98], we have: F : [1,f] x [1,c]

®
 D, such that F (i,j) = d. Here, D

Î
[1, fxc]. For

instance, F (i,j) = (i-1).c + (j-1).

Now, let us consider that M

d

 = C

F (c)

"
 c

Î
 [1,t

1

]x...x[1,t

n

] (in the two-dimensional case, M

d

 = C

F (i,j )

"
 i

Î
 [1, f

], j

                   Î
                              [1, c]). By the definition of the mapping function, and by the Lemma 1 , M

d

 is a DEVS atomic model.

By the definition of B and the definition of M

d

 just presented, B

Í
 M

d

Ú
 B = {

Æ
 }.

Let us define I

                                                                                  d

                                                                                       = { x / x = F (c+

t

V)

"
 V

Î
 N}, with d defined as d = F (c). T hen, by the definition of N, I

d

Í

D.

In the bidimensional case,

I

d

 = { x / x = F (i+n

1

, j+n

2

)

"
 (n

1

, n

2

)

Î
 N},

with d = F (i,j)). For this case, let us verify that the expression is valid for one of the extremes of the cell space.

Let i = f-1, j = c-1. T hen,

F (i+n1, j+n2) = (i-1+n1).c + (j-1+n2).

Now, by the definition of N,

(i-1+n1).c + (j-1+n2)

£
 (f-2+1).c + (c-2+1) = (f-1).c + c = f.c

T herefore, F (i+n1, j+n2)

Î
 D. T his argument can be repeated for every cell in the space.

Now,

                                  "
                                             d

                                                          Î
                                                                    I

                                                                            d

                                                                                , Z

                                                                                               dj

                                                                                                          º
                                                                                                                   Z

Û
 Z: Y

d

®
 X

j

. By the definition of the CC models presented previously, Z: I

C

®
 I

D

. If

the same mapping function is used, C is translated into I

d

 (by definition of I

d

). Let F (E), with                   E =

(y

           1

                ,...,y

                                        n

                                             ) be the same mapping, defined as F (E) =
t
j

i

i
j
n

=
=

-

Õ
å
é

ë
ê
ù

û
ú

1
1

1

(y

j+1

 -1) + (y

1

 -1). By applying the definition of

the Z function, F (E) =
t
j

i

i
j
n

=
=

-

Õ
å
é

ë
ê
ù

û
ú

1
1

1

(y

j+1

 + v

k  j+1

) mod t

j+1

 + y

1

 mod t

1

=

i
n

=
å

1

A

i

. t

i

, where A

i

Î
[0, t

i

-1]

Þ
 F (E)

Í
           I

                  d

                       .

For cell spaces in two dimensions, Z: I

ij

®
 I

pq

. If the same mapping function is used, (i,j) is translated into I

d

(by definition of I

                                                                                                       d

                                                                                                            ). Let F (p,q) be the same mapping, defined as F (p,q) = (p-1).c + (q-1). By applying the

definition of the Z function, F (p,q) = [(p+r) mod f -1].c + [(q+s) mod c -1]= A. c + B, where A

Î
[0, f-1]

Ù
 B

Î
           [0, c-1]

                                                             Þ
                                                                            F (p,q)

                                                                                                                     Í
 I

d

.

Finally, using the same mapping function, it can be seen that select: D

®
 D.

T herefore, both models are equivalent, and the proposition is valid.

ª

3.4  Formal specification of generic coupled Cell-DEVS models.

T he procedure shown in the previous section allowed to define complete cell spaces using parameters. In this

section, the coupling with other kind of models will be defined. T he idea is to extend the definition of coupled

models to allow the combination of Cell-DEVS and other basic models in a hierarchy. For instance, a Cell-

DEVS model can be coupled with others with a different neighborhood or cell’s behavior. It also could be

combined with models that are not Cell-DEVS.

T o allow this definition,  generic Cell-DEVS coupled model can be represented as:

GCC = < Xlist, Ylist, I , X , Y , n, {t

1

,...,t

n

}, N, C, B, Z, select >

Here,

Ylist is the output coupling list;

Xlist is the output coupling list;

I  represents the definition of the interface for the modular model;

X  is the set of external input events;

Y  is the set of external output events;

n  is the dimension of the cell space;

{ t

           1

                ,...,t

                                      n

                                           } is the number of cells in each of the dimensions;

N  is the neighborhood set;

C  is the cell space;

B  is the set of border cells;

Z  is the translation function; and

select is the tie-breaking function for simultaneous events.

Here, for

                                                      # T < ¥   Ù
                                                                                                                T

Î
 {  , , R ,

 } È  {f};

·
       Ylist

                                                        Í
                                                                   { (i

                                                                                        1

                                                                                             ,...,i

                                                                                                                  n

                                                                                                                       ) / i

k

Î
 [1,t

k

]

"
 k

Î
[1,n], k

Î
 N };

·
       Xlist

                                                        Í
                                                                   { (i

                                                                                        1

                                                                                             ,...,i

                                                                                                                  n

                                                                                                                       ) / i

k

Î
 [1,t

k

]

"
 k

Î
[1,n], k

Î
 N };

·
       I  = < P

                                                                x

                                                                       , P

                                                                                      y

                                                                                             >, where

"
 c

Î
, with I  defined as in (5), i

Î
 {X, Y}, P

c
i

 is a definition of a port, and

                                                  P

                                                          c

                                                              i

                                                                   = { (N

                                                                                                         c

                                                                                                             i

                                                                                                                 , T

c
i

)  /

"
 c

Î
i list,  N

c
i

Î
 i (c) (port name), y T

c
i

Î T
 (port type)};

·
       X

                                      Í
                                                 T ;

·
       Y

                                     Í
                                                T ;

·
       n

                                    Î
                                               N , n <

                                                                                        ¥
                                                                                                  ;

·
       { t

                                    1

                                         ,...,t

                                                               n

                                                                    }

                                                                              Î
                                                                                         N , with t

k

 <

¥  "
 k

Î
 [1,n];

·
       For homogeneous neighborhoods, N  = { (v

k1

,...,v

kn

) /

" (
k

Î ,
k

Î
 [1,

 h
])

Ù
 (i

Î ,
i

Î
 [1, n]), v

ki

Î
Z

                         Ù
                                  t

                                         i

                                            - | v

                                                                    ki

                                                                               |

                                                                                        ³
                                                                                                0 }. Here
h

Î
N ,
h

£

i
n

=

Õ

1
t

i

Ù
h =
 #N. Instead, if general neighborhoods are defined,

                         N  = {N

                                                                    c

                                                                           / c

                                                                                                Î
                                                                                                           N

                                                                                                                        n

, c

Î
 [1,t1]x...x[1,t

n

]}, with N

c

 = { (v

k1

,...,v

kn

)

c

 /

" (
k

Î ,
k

Î
 [1,

 h

c

])

Ù
 (i

Î ,
i

Î

                         [1, n]), v

                                                                          ki

                                                                                        Î
                                                                                                     Z

                                                                                                                     Ù
 t

i

 - | v

ki

 |

³
 0 }. Here,
h

c

Î

Ù
h

c

 = #N

c.

·
       C  = { C

                                                                     c

                                                                               / c

                                                                                                Î
                                                                                                           I

                                                                                                                      Ù
 C

c

 = < I

c

, X

c

, Y

c

, S

c

, N

c

, d

c

,
d

int
c

,
d

ext
c

,
t

c

,
l

c

, D

c

> is a T DC or IDC component, such

                         as the defined previously, being I  defined as in (5);

·
       B = {

                                                        Æ
                                                                    } if the cell space is "wrapped", or

                         B = {C

                                                                      b

                                                                              / C

                                                                                                      b

                                                                                                                   Î
C with b

Î
 I  }, with I  defined as in (4). Here, B is subject to the restriction that

                         t

                               b

                                       ¹  t

                                                           c

                                                                  = t  "
                                                                                                       (C

                                                                                                                       c

Ï
B)

Ù
 (C

b

Î
B).  In most cases, B = {C

b

 / C

b

Î
C with b

Î
 L}, being L = { (i

1

,...,i

n

) /

                         i

                             j

                                = 0

                                                         Ú
                                                                  i

                                                                        j

                                                                            = t

                                                                                              j

                                                                                                    "
                                                                                                              j

                                                                                                                        Î
 [1, n] }, and subject to the restriction that
t

b

 ¹  t

c

 = t "
 c

Ï
 L.

·
       Z : I

                                              C

                                                       ®
                                                                      I

                                                                             D

                                                                                     is the translation function, defined (using (4) ) as:

                         Z(P

                                              c

                                                    Y

                                                              q

                                                                   ) = P

                                                                                              D

                                                                                                    X

                                                                                                              q

                                                                                                                   ,

" (
q

Î
 N , q

Î
 [1,
h
]), where

"
V

k

 Î
 N, D = C +

t

 V

k

; and

                         Z(P

                                              c

                                                    X

                                                              q

                                                                   ) = P

                                                                                              D

                                                                                                    Y

                                                                                                              q

                                                                                                                   ,

" (
q

Î
 N , q

Î
 [1,
h
]), where

"
V

k

 Î
 N, D = C -

t

 V

k.

·
       select = { (s

                                                                                            1

                                                                                                 , ..., s

n

) / s

i

Î
 N ,

"
i

 Î
 [0, n] }.

T he present specification allows to define automatically a modular Cell-DEVS space consisting of different

submodels. T he specification is independent of the simulation technique, and can be used to verify the model’s

correctness. Several differences can be found respecting the specification of closed Cell-DEVS models

defined in the previous section. First, as in every coupled DEVS model admitting inputs and outputs, the sets

X and Y  have been included. As these models can be coupled with others, the I  interface is also defined.

T he Z  function defined in the previous section is used to carry out the internal coupling of the cell space.

Finally two new sets have been included ( Xlist  and Ylist)  to define cells that receive or produce external

events for the coupled model. T hese lists will be used to define automatically other input/output ports in the

affected cells.

Finally, the select function is defined as a list of positions in the neighborhood. T he list is ordered according

the selection criteria to be used when more than one cell is active simultaneously.

Lemma 3

T he GCC models are coupled DEVS models.

Proof:

It must be shown that the sets

CM = < X , Y , I , D, {M

i

}, { I

i

}, {Z

ij

}, select >

and

GCC = < Xlist, Ylist, I , X , Y , N, n, {t

1

,...,t

n

}, C, B, Z, select >

are equivalent.

T he equivalence of most of the sets was shown in the Lemma 2 . Besides, I ’
º
 I ; X’
º
 X ; and Y’
º
 Y , due to the

definition of each of these sets. Finally, using the same mapping of the previous Lemma, it can be seen that

Xlist

                              Í
                                         D and Ylist

                                                                                                               Í
 D. T herefore both sets are equivalent, and the proposition is valid.

ª

3.5  Coupled DEVS models: redefinition to include Cell-DEVS models.

T he original definition for DEVS coupled model has been changed so as to include base models that can be

seen as cell spaces. For the Cell-DEVS models, the coupling scheme should use the previous input and output

cell’s definitions. T herefore, a coupled DEVS model will be defined as:

CM = < I , X , Y , D, {M

d

}, { I

d

}, {Z

dj

}, select >

·
       I  = < P

                                                                     x
                                                                            , P

                                                                                            y
                                                                                                   > represents the interface of the modular model. Here,

"
  j

Î
[1,
h
], i

Î
 {X, Y}, P

j
i
 is a

                         definition of a port (input or output respectively), where

                                                 P

                                                         j

                                                           i
                                                                = { (N
                                                                                                       j

                                                                                                           i
                                                                                                               , T
j
i
)  /

"
 j

Î
[1,
m
], (
m Î
 N ,
m
 <

¥
), N
j
i
Î
 [ i
1

, i

m

] (port name), y T
j
i
 = port type};

·
       X  is the external input events set;

·
       Y  is the external output events set

·
       D

                                       Î
                                                 N  is an index for the components of the coupled model, and

"
             d

                        Î
                                   D, M

                                                                    d

                                                                         is a DEVS basic model, where

                                                                            M
                                                                                        d

                                                                                                = GCC
d

 = < I
d

, X
d

, Y
d

, Xlist
d

, Ylist
d

, n
d

, {t

1

,...,t

n

}
d

, N
d

, C
d

, B
d

, Z
d

, select
d

>

if the coupled model is Cell-DEVS, and

M
d

 = < I
d

, X
d

, S
d

, Y
d

,
d

int
d

,
d

ext
d

, D
d

 >

otherwise.

I

     d

           is the set of models influenced by the model d, and

"
 j

Î
 I

d

,

Z

         dj

                  is the translation function from d to j, where

Z

        dj

               : Y

                                 d

                                         ®
                                                       X

                                                                    j

                                                                       if none of the implied models is Cell-DEVS, or

Z

        dj

               : Y(c

                                            1

                                                )
                                                     d

                                                               ®
                                                                              X(c

                                                                                                     2

                                                                                                          )
                                                                                                              j

                                                                                                                  , with (c

1

)

Î
 Ylist
d

, and (c

2

)

Î
 Xlist
j

 if any of the models d or j is a GCC.

Finally, select is the tie-breaking selector.

When a Cell-DEVS is executed, the Z

ij

 function translates the outputs of a cell into inputs for other models

using the two lists previously defined. T he names of the input/output ports will be defined by using the

contents of Xlist and Ylist.

Lemma 4

T he CM models are coupled DEVS models.

Proof:

As it was shown, the GCC models are DEVS basic models, and all the sets here defined are therefore

equivalent to those of coupled DEVS models. T herefore, it suffices with proving that the Z

dj

 function is
equivalent to that one defined for DEVS models. However, here Y(c1)

d

Í
 Y

d
and X(c2)

j

Í
 X

j

 due to the

definition of the lists Xlist and Ylist and the mappping function previously considered. T herefore, both sets

are equivalent and the proposition is valid.

ª

3.6  Closure under coupling of the Cell-DEVS models.

T his section is devoted to show that the Cell-DEVS models are closed under closure. T his means that a Cell-

DEVS coupled model can be associated with a DEVS basic model. T his allows to integrate the model into the

model’s hierarchy, reusing submodels previously verified.

Lemma 5

T he GCC models are closed under closure.

Proof:

T o proof the closure, is necessary to show that the coupled model

GCC = < I , X , Y , Xlist, Ylist, N, n, {t

1

,...,t

n

}, C, B, Z, select >

is equivalent to the coupled model

CM = < I , X , S, Y ,
d

int

,
d

ext

, D >

Let S =

                                               C  [1, t ] x. . . x [1,  tn]

                                                      Î 1

                                                                                X

Q

C

where

                                     "
                                                C

                                                               Î
                                                                          [1,t

                                                                                               1

                                                                                                    ]x...x[1,t

n

], Q

C

= { (s

C

, e

C

) / s

C

Î
q

C

 x N

C

 x d

C

; e

C

Î
 [0, D

C

(s

C

)]};  where C

C

Î
 C is a T DC or

IDC model.

D: S

                             ®
                                           R

                                                       0

                                                              +

                                                                         È

                                                                                       ¥
                                                                                                 , defined as D(s) = min {
s

C

/ C

Î
 [1,t

1

]x...x[1,t

n

]

"
 C

C

Î
 C,
s

C

 = D

C

(s

C

) - e

C

}.

Using this definition of the duration function, the imminent components set can be defined as:

IMM(s) = { C / c

                                                                                                   Î
                                                                                                             C

Ù
s

C

 = D(s) }

Let C* = select(IMM(s)). T his is the component that will be executed.

d

       int

                : S

                                ®
                                                    S. Let s = (..., (s

C

, e

C

, N

C

, d

C

),...). T herefore,
d

int

(s) = s’ = (..., (s

C

’, e

C

’, N

C

’, d

C

’),...), with

ì
(
d

int C

(s

C

), 0, N

C

, d

C

) if C = C*

ï

(s

          C

                ’, e

                                C

                                      ’, N

                                                         C

                                                               ’, d

                                                                               C

                                                                                     ’)      =
í
(
d

ext D

 ( (s

D

, e

D

 + D(s) ), X

D

),   0, N

D

, d

D

)  if D

Î
 N

C*

ï

î
    (s

C

, e

C

 + D(s), N

C

, d

C

) otherwise.

where X

                                                D

                                                         = Z

                                                                               C*, D

                                                                                                      (

                                                                                                             l

                                                                                                                     C*

(s

C*

) )

T his means that the internal transition function changes the status of the imminent cell D* according with its

internal transition function. T hen, it updates all the influenced components according with the inputs produced

by the output of D*. In the other components only the elapsed time is updated.

d

       ext

                  : Qx X

                                                      ®
                                                                     S

d

       ext

                  ( (s, e), x) = s’ = (...,(s

C

’, e

C

’, N

C

’, d

C

’), ...) with

ì
(
d

ext D

(s

D

, e

D

+ e, Z

C, D

(x)), 0, N

C

, d

C

)  if D

Î
 N

D

(s

          C

                ’, e

                                C

                                      ’, N

                                                         C

                                                               ’, d

                                                                               C

                                                                                     ’)    =
í

î
(s

C

, e

C

+ e, N

C

, d

C

) otherwise.

In this case all the cells influenced by the external input x change their status according with the input

translated using the mapping between interfaces. T he remaining cells only modify their elapsed time.

Finally,

                                              l
                                                      : S

                                                                        ®
                                                                                       Y .

                                                                ì
                                                                                                    Z

                                                                                                                C*, D

 (
l

C*

 (s

C*

) ) if C*

Î
 I

D

l
        (s) =

                                                                í

                                                                î Æ
otherwise.

T hat is, if (i,j)* sends an output, it is translated into an input to the coupled model using the mapping between

interfaces Z

                                                                  C*, D

                                                                                       .

ª

4.  CONCLUSION

In this work the definition for n-dimensional Cell-DEVS models was presented. T he formalism allows to

define complex model using a formal approach, allowing to verify automatically the correctness of the models.

T he relationship with other DEVS models was shown, allowing the integration between cell spaces and other

DEVS models. As it was also shown that the models are closed under closure, they can be integrated in a

DEVS modelling hierarchy.

T he model definition is independent of the simulation mechanism, and at present several simulation

techniques have been implemented. In [WBBG98], the simulation mechanism defined in [Zei90] was

extended to include cell spaces. A second mechanism, defining flat cell spaces was also implemented,

allowing seven-fold improvements in the execution times. At present the simulation mechanism is being

extended to include parallel simulators.

The automatic definition of cell spaces is allowed, simplifying the construction of new models, and easing the

automatic verification of the structural models. In this way, efficient development of complex models can be

achieved. The formal specification has shown improvements in the development times of up to ten-fold. The

main improvements have been detected in the testing and maintenance phases, because the formal

specification mechanism allowed to reduce the resources devoted to these phases.

REFERENCES

[WBBG98] WAINER, G.; BARYLKO, A.; BEYOGLONIAN, J.; GIAMBIASI, N. "Application of the Cell-

DEVS paradigm for cell spaces modelling and simulation". T echnical Report T R-98-016. Departamento de

Computación, FCEN-UBA. Submitted to SCS Simulation Journal . 1998.

[GG96] GHOSH, S.; GIAMBIASI, N. "On the need for consistency between the VHDL language

constructions and the underlying hardware design". Proceedings of the 8th. European Simulation

Symposium. Genoa, Italy. Vol. I. pp. 562-567. 1996.

[GM76] GIAMBIASI, N.; MIARA, A. "SILOG: A practical tool for digital logic circuit simulation.

Proceedings of the 16th. D.A.C., San Diego, U.S.A. 1976.

[WG98] WAINER, G.; GIAMBIASI, N. "Specification, modeling and simulation of timed Cell-DEVS

spaces". Submitted to ACM Transactions on Modelling ans Simulation. 1998.

[Wol86] WOLFRAM, S. ^Theory and applications of cellular automata~. Vol. 1, Advances Series on

Complex Systems. World Scientific, Singapore, 1986.

[Zei76] ZEIGLER, B. "T heory of modeling and simulation". Wiley, 1976.

[Zei90] ZEIGLER, B. "Object-oriented simulation with hierarchical modular models". Academic Press, 1990.