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ABSTRACT

In this work new paradigmsfor complex modeling are
presentedThe new formalismsare basedon the DEVS and
Cellular Automataformalisms.To reducethe complexity of
the models, Inertial Delays and Transport Delays
constructionsare also included. The combinationof these
modelingtechniqguesnakesavailablea setof tools to model
complex problems.The utility of the formalismsis shown
through a simple model usedto simulatethe behaviorof a
complex real system.

INTRODUCTION

Computer simulation techniquesare widely usedto study
complex systems.In this way, they help researchersand
designergo understandhe dynamicbehaviorof real systems
where analytic solutions are impossible to find. Several
modeling techniquesare independentof the simulators,
improving the software developmentthrough validation of
the models.

One of suchformalisms,known as DEVS (Discrete Events
SystemsSpecification)is basedon discreteevents,and was

proposedby Zeigler (Zeigler 1976, Zeigler 1990). It allows

modulardescriptionof the phenomenao model,and attacks
the complexity using a hierarchical approach. This

hierarchical modeling strategy allows the reuse of creaed
tested models, enhancingthe security of the simulations,
reducing the testing time and improving productivity.

Cellular Automata (CA) formalism is also well suited to
describecomplex systemswith different descriptionlevels
(Wolfram 1986). A conceptualCA is an infinite regular n-
dimensional lattice. Each cell statediscreteandis modified
in discretetime steps.To do so, it usesa local transition
function basedon the presentcell stateand a finite set of
nearby cells (called the cell's neighborhood).

This formalism uses discrete time bagissingrestrictionsin

the precisionof the model. In the particularcaseof complex
CA, large amounts of compute time will be requirBdsides,
for several cases,at each time step most cells of the
automatorwill not needactualization.Theseproblemsdoes
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not exist in asynchronowsitomatathatevolvein continuous
time. The use of a continuoustime baseallows to achieve
higher time precision,periodsof inactivity are skipped,and
the use of the computer resources is improved.

Transportand Inertial Delays are two basic constructions
usually employedin the circuit design domain. Transport
Delaysreflectthe straightforwardpropagatiorof signalsover

lines of infinite bandwidth.Inertial Delays,instead,allow to

define preemptive semantics in the models. These
constructionsalso can be used to model other physical
phenomenahat can be describedas cell spaces(i.e., fire

propagationin a wood, behaviorof fishesin the sea,urban
traffic, ecological systems, etc.).

In this work, severalformalismsto describecell spacesare
analyzed. The paradigms are based on the DEVS and
Asynchronous CA formalisms, and are combined with
transport or inertial delays constructions.

FORMAL DESCRIPTION OF DEVSCELLSMODELS

In (Wainer and Giambiasi1997) severalformal descriptions
of CELL DEVS modelswere defined. Thesespecifications
allow to describea cellular model as DEVS cells with

multiple inputs and a transport or inertial delégseachcell.

In this section the main aspectsof theseformalisms are
recalled.

A transition delay modular Cell-DEVS atomic model is
formally described as:

TDC =<1, X, S, Y, Naint, dext, d,t, A, ta>

| = <n, PX, PY> definesthe modelinterface.Here,n O N is
the neighborhoodsize, and, for | =X or | =Y, Plis a port
definition (input or output respectively),where Pl ={ (N~|,
Til) /01 011, n], Nil a [l Iﬂ] (port name), and Til
=binary (port type)};

X ={0, 1} is the set of input external events;

S is the state set, where S ={(s, phaspieueo) / s 1{0,1},
phasel {active, passive},oqueue={ (ay,...,gy,) / m ON and
0i0[1,m],iON, g ORy* O }, ando ORp* O };

Y ={0, 1} is the set of output external events;



N 0{0, 1}1, is the set of the neighborhood's binary states;
dint: S-S is the internal transition function;

dext: QxX - Sis the externaltransitionfunction,whereQ is
the statesetdefinedby Q = { (s,e)/ s 0 S,ande O [0,

ta(s)l};

d [IRO+ is the transport delay for the cell;

T: SxXN - S is the local transition function;

A: S - Y is the output function; and

ta: S- RO+ [, is the time advance function.

The formal specificationof a cell with inertial delaysonly
changes the state definition:

S={ (s,phasef, o) / s {0,1}, phasell {active, passive},f
0{0,1}, ando ORy* O };

Variable f statesfor the "feasible" future statefor the cell.
That is, if the input is kept during the inertial delay, the
future statewill be f. Anotherchangeis in the semanticof
variable d that now represents the value for the inertial delay.

dext((s, phase, squeue, s), e, x) = (s', phase, squeue, s),|wher
s=¢s'
if (phase = passive) then {
phase = active;
o =d; } /* Transport Delay */
else { for (ai0squeue) ai = ai - €;
o=0-¢;}
oqueue = insertfqueue, d);

dint(s, phasegqueueg) = (s', phasegqueueg), where

s' =1(s, N);
if (s = s') changed = TRUE;
else changed = FALSE;

for (ai O oqueue) ai = ai - firsgqueue);
oqueue = tail gqueue);

if empty(cqueue) {
phase = passive;
o=o;}
else {
phase = active;
o = first(oqueue); }

Figure 1. Definition of transition functions.

The transport delay model allow itttroducea delaybetween
the occurrenceof an externaltransitionfunction andthe state
change of the cell. Only when the transport delay is
consumedtheinternaltransitionfunctionis executedcandthe
systemchangesdts state.The oqueueis introducedbecause
new external eventscan occur while the transportdelay is

consumed.Thesemust recordedand later executedby the
internal transitionfunctions. The behaviorof both transition
functions is similar othosedefinedin (GhoshandGiambiasi
1996).

In this definition, insert, first, tail and empty are the
traditionalfunctionsemployedto managea FIFO queue.The
external transition function schedulesa new time for an
internaltransitionfunction. To do so, it usesthe valueof the
transportdelay, that is queuedin the oqueue. The local
transitionfunction is startedwheno=0. The A function will

only executeif the statushaschanged.Therefore,the state
changeis recordedin aflag variablethat canbe accessedy
theA function, that activates only if there was a change.

The Inertial Delay constructions allow to represabehavior
with preemptivesemantic.The constructionsaysthat, if an

input value is not kept a certain period (the inertial delay), the

state changeis not recorded.Instead,if the value is kept
during that time, the state changes after the delay.

To model this kind of delays,the transition functions have
been redefined.

dext((s, phase,oqueue,0), e, x) = (s', phase,oqueue,0),
where
s'=s;
if (phase = passive) then {
phase = active;
o =d;} /*Inertial Delay */
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else
{o=0-¢;
if (0>0.AND. fl=x)o=d;
[* Preemption */ }

f=x;

dint(s, phasegqueueg) = (s', phasegqueue o), where

s' =1(f, N);
if (s 1= s') changed = TRUE;
else changed = FALSE;

if (e = 0) { phase = passive;
0 =] }

Figure 2. External and internal transition function for

inertial delays models.

The last arrived eventcan be preemptedif a new external
event (with different value) arrives before the end of the
inertial delay.If a new externaleventhasthe samevalue of
theold one,theresultis equivalentto havea uniqueexternal
event.

The atomic cell models can be coupled with other cell
models,forming a multicomponentell model. Any of these
modelscan be also combinedwith DEVS models,allowing
the definition of complexhierarchicalmodels.The coupled
cell models are defined as:

GCTD =<1, X, Y, Xlist, Ylist,n ,N, {m, n}, C, B, Z, Zij,
select >



I = <n, PX, PY> representsthe definition of the modular
model interface, defined as alomicmodels,but considering
Pl ={ (N(.g), T(f.g))) / O (f.g) O Xlist, N(f,9)' = I(f.g)
(port name), and T(f,b): binary (port type)};

X ={0, 1} is the set of input external events;

Y ={0, 1} is the set of output external events;

Ylist = { (k,l) / k O [0,m], | O [0,n]} is the list of output
coupling;

Xlist = { (k,) / k O [0,m], | O [0,n]} is the list of input
coupling;

n O N is the neighborhood size;

N is the neighborhoodset,definedasN = { (i
pO[LN]=> ip, jp 0Z Dip, jp O [, 11 )

pip) /0PN,

{m, n} O N is the size of the cell space;

C is the cell spaceset,definedasC = {Cij [iO[1m],jO
[1,n]}, where

Gij = <lj» Xij» Sj Yij» Gij» dj» Ajj» Tij» 18>
is a cell-DEVS component;

B is thebordercellsset,whereB = {0} O {Cij /O0i=101 =
mOj=10j=n, Gj O Cij is a self-generating state cell};

Z is the translation function, defined by:

Z: ;Y4 . PyXd, where RYA 01, RgXA D1y, g 0[O, n]
and,0 (f, g) O N, k = (i+f) mod m ; I=(j+g) mod n;
Zij: Y(f,9); - X(k,I)j 0 (f,g) Ylist;, and (k) Xlis}.; and

select, is the tie-breaking selector function, with the
restriction thaselectd mxn - mxn /0 E# {0}, select(E)0
E.

It can be see that the models only allows binary states, but the

definition canbe extendedby consideringX andY (andthe
correspondingl/O ports) as setsin Z or R. The transition
functions should computetheir results using any of these
domains.

If an eventoccursin one cell, the neighborsare influenced
through the execution dhe Z function.Besidescertaincells
in the spaceare chosenasinput andoutputcells, andwill be
includedin the Xlist andthe Ylist respectively Xlist is a list
of cell'spositionswheretheinputsto the modelarereceived.
Ylist recordsthe cellswhoseoutputswill be sentto the other
models in the hierarchy.

When a cell-DEVS model is executed,the Zij function
translatesnputsinto outputsby usingboth lists. The names
of the input and output ports are also defined by using the
contents of the Xlist and Ylist.

The specificationmodelshere presentedare independenof
the simulation technique used. Therefore, they allow to
specify the system behavior independently of the
implementation details of thehosersimulationtechniqueln
the following section an examplell showthe applicationof
the formalism to model a complex system.

AN APPLICATION EXAMPLE

In this sectionthe main aspectspresentedin the previous
section are shown through an example of application.
Coupled cell modelsanbe mixedwith otherbasicmodelsin
a DEVS hierarchy.In this way complexmodelsconsistingof
severalsubmodelswvith different behaviorcanbe built using
different paradigms or abstraction levels.

In this case,severalmodelsare integratedto simulate the
complex behavior of the traffic in a section of urban
population.
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Figure 3. Coupling different DEVS models

Model A is a Cell-DEVS model representingparticles of

smokeon the air of a residentialneighborhoodlt is usedto

study pollution (dependingon influencesof the traffic in the
highway,and smokeof the factory). Model B representshe
traffic movemenin a commercialneighborhoodio studythe
traffic flow (i.e., to improve semaphoresynchronization).
Model C representsa one-way highway passing across
neighborsA andB (to studythetraffic flow in the highway).
Atomic modelD represents factory: trucks arrive from the

highway, and new trucks filled with productsget into the

highway. It is usedto schedulethe flow of trucks to the

factory. Finally, atomicmodel E representshe entranceto a

ferry-boatthat connectsthe city with anisland. It is usedto

determinethe optimal number of boats dependingon the

hour.

To build the simulation,the behaviorof eachsubmodelmust
be defined.We will only concentraten the definition of the
cell models(behaviorof traditional modelssuchas D or E
will be skipped).

The first stepto build the simulator for a cell spaceis to
define the behavior for eachcell in the model. The basic
behavioris definedby the local transitionfunctions.To do so,
a simple declarativespecificationlanguagehas beendefined
(Wainer and Giambiasi1997). The languageonly allows bi-



nary or three-states, and a compiler transldtespecification
to the internal behavior representationof the cell-DEVS
models.

Each sentencels a booleanexpressionincluding relational
operations and calls to predefined functions (including
transportand inertial delay functions). The resultsfor each
cell are computed by analyziegchsentenceandconsidering
the presentstate for the cell and its neighborhood.In the
following figure the behaviorfor eachcell is shown. The aij
variables define a 9x9 matrix representing the cell
neighborhood. The neighborhood state is taken as
preconditionfor the local transitionfunction. The resultis the
new state for the neighborhood.

Model A (Residential Neighborhood)

Result Neighborhood state

aij:=1 a22=1
in_delay(wind)

Model B (Commercial Neighborhood)

[rpuat
Cells
L -
& Ohat;
put
B T+ Cells
i
Cell's
Meighbors

Figure 5 - Definition of cell space for model A, and
input/output cells of the model.

Result Neighborhood state
a22:=1 a22=0ANDa32=1
a32:=0 /* Normal flow - Northbound */
tr_delay(sp.)
a22:=1 a22=0ANDa32=1
a23:=0 /* Normal flow - Westbound */
tr_delay(sp.)
a22:=1 a22=0AND a23=1
a23:=0 /* Crossing the car on the right passes
tr_delay(sp.)

Model C (Highway)

Result Neighborhood state
a22:=1 a22=0ANDa32=1
a32:=0 /* Normal flow */
tr_delay(sp.)
a22:=1 a22= 0 AND (a32= 0 AND a33=1
a33:=0 AND a23 =1)
tr_delay(sp.) | /* Surpassing by the left */
a22:=1 a22=0 AND (a32= 0 AND a31=1
a3l:=0 AND a21 =1)
tr_delay(sp.) | /* Surpassing by the right */

Figure4

- Specification of local transition rules

The example has been simplified by adding several
constraints (although the rules can be easily extendedto
represent more complex phenomena). Fitss supposedhat
the highway is one-way.The commercialneighborhoodalso
has one-way streets (Northbound or Westbound),and no
semaphoresare modeled.In the pollution model,if a particle

staysin a cell for certaintime, it is diffusedto the neighbors.

The transportdelaysallow to modelthe acceleratiordelay of
the cars. The inertial delay has been used to model the
pollution diffusion (if a particleis removedby wind, pollution
does not expand).

After the definition of the cell behavior,X andY lists should

be defined for each model. Let us analyze the complete
definition of the cell spaceA (supposinghatthe components
are numbered in ascending order using their letter name).

According with the previousdefinition for the interfaceand
port names,

| = <5,P%,PY>, where B={X(1,15), X(2,15) };
P ={Y(515)};

m=9;n=10;
N = { (010}1 (_110)r (11 0)1 (Ovl)r (01'1) }1
B ={0}

C is the cell spaceset, definedasC = {Cij /i10[1,9],j0O
[1,10]}, where each Cij is the cell-DEVS pollution
component;

Z function is defined by the cells' neighborhood.

Let ussupposehat Xlists = { (20,5)} is the cell in modelB

where cars from the neighborhoodentersinto the highway.
Ylists = {(1,1)} is the connectiorfrom the neighborhoodnto

this entranceto the highway. Let us supposehat cell (1,15)
receivespollution from the factory, and cell (2,15) receives
similar valuesfrom the highway. Thesevaluesare diffused
throughthe cell spaceto simulatethe pollution of eachblock

in the neighborhood.

Hence, Xlist; = { (1,15); (2,15) }; Ylisty = { (5, 15) }.
Therefore, the Zij function for this model will be defined as:

Z12:  Y(5,15) - X(20,5)3
721 Yoo X(1,15)
Y(1,1),~ X(2,15)



Outputport Y(5,15) shouldbe connectedwith the input port
X(20,5). An output port inrmodelD shouldbe connectedvith
X(1,15). Outputport Y(1,1) of modelC shouldbe connected
with input port X(2,15).

To completethe specificationof the model, the user should
define the behavior of the border cells. To do so, the
specificationlanguagealsocanbe used.Finally, the priorities
to treat simultaneouseventsshould be specified. Theseare
usedto classifytheimminentcellsin the cell spacelt is used
to define theSelect function of the DEVS specification (the
dcon function if the R-DEVSChowandZeigler 1994)forma-
lism is used).

Initial conditions for the cells and conditions to stop the
simulationcycle be defined.With theseparametersan array
of atomiccell objectsis created the influenceedor eachcell
are defined, and the simulation can proceed(Wainer et al.
1997).

CONCLUSION

This work was devotedto the presentatiorof paradigmsfor
cellular DEVS models.Inertial Delaysand TransportDelays
constructionsare also included, allowing to easily define
complex behavior of real systems.

The combination of these modeling techniquesallows to
build tools to model complex problems.The specifications
allows the automaticdefinition of a completeDEVS model

with different submodels. These specifications are completely

independent of the simulators, acahbe usedto validatethe
correctness of the model.

The useof a discreteeventsformalism as a basisimproves
the precisionof the models,and also reducesthe execution
times of the simulations. At present, a simulation
environment based on these formalismsasgimplemented
[Wai97b], and performance improvements have been
considered based on parallel implementations of the
simulators.
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