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Abstract

In real system simulations, the application of cellularomata has been shown
as an interesting option, because it can represent an emidrglkavior and its
implementation is simple. This paper presents a methodirfaulating thermo-
dynamic systems, such as cloud dynamics, with cellulamaata. In accordance
with thermodynamic principles, this paper presents ammisdl system model that
describes temperature dynamics. The model uses the Von&euneighborhood
of five cells, each with two possible states: the presencéserece of a cloud or
a part of it. Our model uses three weather properties, as¥s|/lcondensed cloud
water particles, temperature and outer winds. Two typegé@ments were per-
formed to validate the model proposed: one with a warm bodlgercenter of the
environment and another with a cloud.
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1 Introduction transition rules are based on thermodynamic principles

i and weather concepts.
Cellular automata (CAs) [1] are discrete models on

which many areas, such as computation, mathematithe rest of this paper is organized as follows. Section
physic, complexity science, and biology, are conduc® introduces general concepts of cloud dynamics and
ing research. CAs consist of a grid of cells, each witleellular automata. Sections 3 and 4 describe the iso-
a finite number of states. For each cell, a set of cell$ated thermodynamic system and the cloud dynamics
called neighborhood, is defined for the specified cellmodel with cellular automata, respectively. Section 5
At each iteration, a new state of each cell arises in aconcludes the paper and suggests new implementations
cordance with the current state of the cell, the statder future studies.

of the cells in its neighborhood, and some fixed rules.
Typically, the rule to update the state of a c_:eII is thez Cloud Dynamics and Cellular Au-
same for all cells and does not change over time, and 1S

applied to the whole grid simultaneously. tomata

In real system simulations, the application of cellulafc'ouds are formed from the condensation of water ex-
automata has been shown as an interesting option, §&ing in the humid air in the atmosphere. The elevation
cause it can represent an emergent behavior and its i@f-air is the key process in the production of clouds,

plementation is simple. CAs consist ohadimensional because when it rises and comes into contact with low
grid of cells with the same behaviors described by fmperatures, cold air makes it possible for clouds to
set of transition rules [2]. CAs use a defined numbég@rm. This elevation can be produced by convection,
of neighbor cells that interact with each other, Creatin%onverg_epce of air streams, topographical elevation or
a local interaction and then a global behavior. Theskontal lifting [3].

interactions reflect the system dynamics based on thq, qs may be in a liquid or solid state, or may be a
transitional rules. mixed composition of water and ice. The composition

This paper presents a method for simulating thermodf @ cloud depends on its altitude. After having formed,
namic systems, such as cloud dynamics, with cellul&ouds are moved by winds in all directions. When
automata. A thermodynamic system is concerned with cloud is moyed in a vgrtlcal direction, its altitude
the flow and balance of energy. Three types of thefch@nges as do its properties, such as temperature, pres-
modynamic systems are distinguished depending on ti§8'e, kinetic energy, density and humidity. On rising,
types of interaction and energy exchange taking maggere is a cooling of cpndensed cloud water particles
between the system and its surrounding environmerif!at may become partially or completely frozen. On
(i) an isolated system is isolated in every way from itdn€ other hand, when a cloud goes to a lower altitude,
environment, and it does not exchange heat, work df90€s to a higher temperature environment; therefore,
matter with its environment; (i) a closed system carPrecipitation may arise and spread the cloud.

exchange energy, hg_at and work, but not matter with itg, o dynamics, growth, motion and dissipation of
environment; and (iii) an open system exchanges efjo4s are complex. Thus, it is important to under-
elrlgy an(rj] mattehr with 't? enwrorymenfcd A bboundary thé‘lgtand these dynamics in order to allow an efficient im-
allows the exchange of matter is said to be permeablgiomentation of the real system [4]. The basic elements
In isolated systems, it is observed that as time PasSS&wcessary to simulate clouds are velocity, air pressure,
internal rearrangements decrease and stable Cond't'oc@?nperature water vapor, and condensed cloud water.
are reached. Properties, such as pressures and temR¢fase water content variables are of mixed ratios, i.e.,
atures, tend to equalize, and matter arranges itself infRa mass of vapor or liquid water per unit mass of air.

olrlwe or a few hofmﬁgeneohus phasdesd A syste_r(;] in (‘;"h' e consider a system of equations that models cloud
all processes of change have ended Is considered to @, amics in terms of velocity and condensed cloud wa-
in a state of thermodynamic equilibrium. ter variables.

In accordance with thermodynamic principles, this pap ce|jylar automaton is formally defined as a discrete

per presents an isolated system model that describggihematical model, implemented in computers, auto-
temperature dynamics. This model is also used {0 Sif3ate4 by deterministic rules, and its conduct of an el-
ulate cloud dynamics. Two types of experiments Wergment within a homogeneous set will be based both on
performed: one with a warm body in the center otne state of its own attributes and those of the attributes
the environment and another with a cloud. Clouds args ihe neighboring elements [5].
formed from the condensation of water vapors present

in the atmosphere. After it is formed, a cloud is moved\ CA is characterized by its cell space and its transi-
by winds, and changes both its location and its propetion rule. The cell space is a lattice f identical cells
ties, such as, temperature, pressure, density, and humédranged in al-dimensional grid, each with an identi-
ity. These properties strongly influence cloud dynameal pattern of local connections to other cells. When we
ics. The model proposed uses the Von Neumann neigbensider the lattice is of finite length, boundary condi-
borhood of five cells, each with two possible states: théons are applied resulting in a circular lattice. A transi-
presence or absence of a cloud or a part of it. Our modgbn rule provides the next state for each cell, as a func-
uses three weather properties, as follows, condensgdn of the configuration of its current neighborhood.
cloud water particles, temperature and outer winds. That each step of time, every cell of the lattice updates its



states according to this rule [6].

As to the CA-dimensional rule contained in each cell, -

it is essentially a finite state machine, usually specified

in the form of a table of rules. These are called ele- 4 i r
mentary cellular automata. The neighbors of a cell are

adjacent cells, or cells on the right and left. Thus a
cell is connected to air local neighbors (cells) where r b
is related to the radius, so that each cell has a neighbor-
hood of2r 4+ 1. A neighborhood is made up of three
cells, so there are 23 = 8 possible patterns for a neigh- Fig. 1 Von Neumann Neighborhood
borhood. There are therefore 28 = 256 possible rules.

Wolfram [2] proposed a numbering scheme for the el-

ementary CAs, in which the output bits are ordered abvhich heat transfer between neighborhood cells is pro-

phabetically, as in the transition rule, and are read fro'vided. In each iteration, the whole grid is updated with

right to left to form a base number in decimal notation
between 0 and 255. new cell temperatures, as follows

For CAs, dimensional cells are arranged in a two-

dimensional space (represented in the form of a grid), _ _ T

the neighborhoods most widely used are the Von Neu- Ti(k+1) = Ti(k) + « AT (k), (1)
mann neighborhood, consisting of 5 cells (central celjnere

and 4 neighbors, up, down, left , right.) and the Moore

neighborhood, consisting of 9 cells (the Von Neumann

neighborhood of more cells in the diagonal.).

’ n e diagonal) e - ZiTilk) = (No = VTi(k) X
Cellular automata are used in simulation and emulation (k) = N, ’ @
of real systems [1], such as:

fori = I,r,a,b, N, is the number of cells per neigh-
|borhood is a constant that defines the step size of the
Jemperature updatd; (k) is the temperature intoth
éi_ell at iterationk, and the subscripts r, a, b mean the
dpeighbors on the left, on the right, above, and below
neighbors of an-th cell.

e Simulation of bacterial or viral behavior, crysta
growth, coral, rocks and other natural element
behavior of gases, spread of fires, population d
velopment, economic, behavior of land, rivers an
topographies, and forecast of plant growth;

Now, two simulations of isolated thermodynamic sys-
Yems are presented 89 x 30 and50 x 50 grids. The
model was implemented with a Web platform, using C-
e Music: melody-generating digital noise andSharp language at ASP.net framework. For these simu-
sound: lations, the temperature interval was [0, 50] degrees, the

initial temperature wag’C, anda = 0.123456. Figure
Mathematics: alternative to replacement differen2 shows the temperature intervals and their respective
tial equations; colors.

Video: generating random pictures, image filter
and distortions;

Computer: random number generation, cryptogra-  Temperature
phy, and conceptual design of parallel computa-

tions mass; and 1 10 20 30 40 50
e 3D animation: particle simulation and generating .
textures. 0 |

3 Thermodynamic Model with Cellular
Automata

This section presents the model to describe an isolatédd- 2 Legend of colors used in isolated thermodynamic

system with cellular automata. In isolated systems, &Stem model.
the time passes, internal rearrangements decrease and

stable conditions are reached. Properties, such as prF?_ure 3 shows six iterations of each simulation. In the
sures and temperatures, tend to equalize, such that e ; ; ; ’
mwlatlon of the30 x 30 grid, Figure 3(a), a warm

processes of change come to an end and the syst%Ool o . S .

: S y 0of50°C and 50%-grid area was initialized into the
reaches the state of thermodynamic equilibrium. center of the grid. The heat of the warm body spread
The model proposed uses the Von Neuman neighbaguickly — see iteration 4. In iteration 27, the extreme
hood with five cells, Figure 1. The cell temperature bearea of the grid had been warmed, by heat from the
havior is derived from the thermodynamic principles irvarm body, to a temperature of between 1 andC0

Temperature



Iteration 48 shows that the center of the warm bodthat is, the number of condensed cloud water particles
started to cool, because its heat spread throughout ttiet defines the presence of a cloud in a cell.

grid. Iterations 112 and 369 show that the heat contin:
ued to spread, thus providing the temperature equalizé'—2 Outer Events

tion. Iteration 472 shows the moment at which the gridthe outer events occur on the whole grid. These ran-
temperature was totally equalized between 1 antl0 dom events are the outer winds and the insertion of con-

In the simulation of the&s0 x 50 grid, Figure 3(b), a densed cloud water, that occur as a probabjiityand

warm body of50°C and 80%-grid area was initialized pi, respectively.

into the center of the grid. The system behavior wa¥he outer winds have different directions, widths, and
similar to that of the first simulatior30 x 30 grid. The magnitudes. There are eight directions:

heat spread quickly throughout the whole grid. After
iteration 46, the heat of the center of the grid started to
decrease. Iterations 112 and 134 show the beginning of
the temperature equalization throughout the whole grid. e east-west, and vice-versa;

Iteration 485 shows the grid with its temperature totally

equalized between 20 and 3G, higher than that of the @ southeast- northwest, and vice-versa; or

first simulation because of the larger area of the warm .
body (80%-grid area). ¢ southwest-northeast, and vice-versa.

e north-south, and vice-versa;

These simulations showed that a cellular automatopy e minimum and maximum wind widths ais,;, and
. . 111
model can simulate a thermodynamic system. In both), =~ The wingd magnitude means the strength over

of them, the heat in the center of grid spread throughoyt ¢joyd. with a wind occurrence over a cell, its con-
the whole grid until the thermodynamic equilibrium.  gensed cloud water are displaced in accordance to the

wind magnitude and direction. The condensed cloud
4 Cloud Dynamics with Cellular Au- water displacementis computed as follows

tomata

The model proposed simulates only one cloud into the ni(k +1) = ni(k) (1 = 1), )
grid. The cloud has an initial size that may be modifiedvhere! < [0, 1] is the wind magnitude. The difference
by weather events. All initial simulation parameters ar¢etweenn;(k + 1) andn;(k) is the number of con-
set at random. The model has so called inner variablgignsed cloud water particles that was displaced from
and outer events. The inner variables are the cell propth cell to a neighborhood cell. These displaced con-
erties, while the outer events involve the whole griddensed cloud waters go to a neighborhood in accor-
The inner variables are the number of condensed clouthnce with the wind direction. For instance, if a wind
water particles and temperature. The outer events ajith direction west-east cover the I-cell, Figure 1, the
to do with the insertion of winds and condensed cloudondensed cloud waters displaced will go to tfeell.
water insertion into the cells, both with random prop-

erties. The following sections explain these parametef@ Order to represent changes in the humidity of the

and events weather, we implemented a condensed cloud waters in-
sertion as a random event into the cells. The insertion
4.1 Inner Variable of condensed cloud waters into &th cell is defined as

. . : follows
The inner variables are the cell properties, as follows,

the number of condensed cloud water particlesand

the temperature]’. For each iteration, a thermody- ni(k+1)=n;k)+ 5An (5)

namic law is used in each cell in order to describe its . .

d ics. The cell temperature behavior is set as dgv_hereAn is the maximum nqmber of _condensed cloud

ynamics p

scribed in Section 3. Waters _partlcles that can be mserteql into a cell arel
[—1,1] is a random variable that defines the number of

Each cell has a cloud, or part of it, if the number ofcondensed cloud waters particles to be inserted into a

condensed cloud water particles is equal or larger thasell.

a threshold; otherwise, there is no cloud in the cell. Th :

number of condensed cloud water particles inta-gm 43 The Model Dynamics

cell at iterationk is defined as a function of its current The model dynamics is based on a discrete and itera-

temperatureT; (k), as follows tive system. The temperature is started viitlC and a
cloud with temperature and condensed cloud waters are
chosen at random. All grid cell transitions are based on

0 if T(k) > Tc Equations 1-4 that change the cell states, providing the
S i Tl-(k) — T, , (3 Jlobaleffectinthe grid. The pseudo-code of our model
nm?n’(TC —Ti(k)), if TZ‘(]C) <Te ’ is presented as follows:

whereT. is the temperature of water condensation at 1. Initialize [Tiin, Tmax)s T¢s [Pmin, "max|, Where
current atmospheric conditions angl;, is a threshold, Nmax = Nmin(Tc — Tmin), and the temperature,
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Fig. 3 Isolated thermodynamic system simulations.

Ty, whereTy > T is the environmental temper-

ature, _50 -37.50 25 -12,50 -1

2. Initialize the grid cells with" = T4 andn = 0;

3. Create a cloud into the grid at random, with € 0
T;(k) < Tc andn; defined by Equation 1;

4. Update cell temperatures by Equation 1; Temperature

5. Update number of condensed cloud water particlefig. 4 Legend of colors used in the cloud dynamics sim-
for each cell by Equation 3; ulations.

6. If z < p,, wherex € [0,1] is a random number,
then
o . L 0°C, Tc = —10°C, nmin = 100, nmax = 400, and
e Initialize  the wind direction, I, _.123456. Three grid sizes were used.
[Wmin, Wmax), @t random;
e Apply the wind on the grid, and use Equation!n the first simulation, grid30 x 30, the minimum,
4 when it cover a cell with,; > 0; Win, and Maximumavy,.., wind widths were 4 and
7, respectively. This simulation, Figure 5, showed fast
7. If z < p;, then insert condensed cloud water orchange of the cloud behavior with respect to its area
the all grid cells by Equation 5; and temperature. Figure 5(a) shows the initial cloud
i o state, at iteration 3. Figure 5(b) shows the iteration 88,
8. Go back to step 4 while a stop criterion is not satyhere the thermal equilibrium just began. In Figure

isfied. 5(c), iteration 118, the cloud dissipation is starting and
it is finished after iteration 208, Figure 5(e). The cloud
4.4 Simulations and Result Analyses dissipated completely at iteration 220, and Figure 5(f)

. , i ) ) shows the last iteration 226.
This subsection presents two simulations véithx 30

and50 x 50 grids. The temperature interval was [-1,In the second simulation, grigh x 50, wmin, = 8 and
-50] degrees. Figure 4 shows the temperature intervalg, ., = 16. This simulation showed a similar behavior
and their respective colors. In these simulatiadhs,=  to that of the first simulation, with thermal equilibrium
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Fig. 5 Six states of the second simulation, g¥idx 30.

throughout the grid and dissipation of the cloud by th& Conclusion
wind actions. Due to the larger grid size with respect tQ

the previous simulation, the cloud reaches the thermaf!iS article set out to construct a model to simulate
equilibrium in a larger number of simulations. thermodynamic systems using cellular automata. Two

types of models were presented, an isolated thermody-
namic system and a cloud dynamics model. The former
Figure 6(a) shows the grid at iteration 3 in which it isshowed that a cellular automaton can simulate a ther-

possible to see the different temperature in the cloudfodynamic system. This first model was the basis for
represented by the colors, due to the random initializah® Second one, the cloud dynamics model.

tion. Figure 6(b) shows the grid at iteration 118, wherghg second model used a limited representation con-
a thermal equilibrium has begun. In iteration 218, Figgjgering the variables that represent the dynamics of a
ure 6(c), the cloud showed a area smaller than its injug| cloud. The number of condensed cloud waters par-
tial state, Figure 6(a), due to the thermal equilibriumicies per cell and the temperature and external winds
with the whole grid and wind actions. In iteration 318, the two-dimensional grid were included. A two-

Figure 6(e), the whole cloud converges to the thermafinensional CA with a Von Neumann neighborhood

equilibrium and it is almost dissipated. The full dissi-of 5 cells was used. The transition rules were defined

pation occurred at iteration 352. Figure 6(f) shows thg ;56 on the thermodynamic principle that defines the
last iteration (356), where the whole grid converged t¢hermal equilibrium.

the thermal equilibrium and the cloud was dissipated.

The validation of the second model was made in sim-

ulations with different grid sizes and parameters. In
The cloud dynamics model showed an expected behathis preliminary study, we did not compare our model
ior regarding some thermodynamics concepts, becausith other ones for cloud dynamics. Thus, we only
in all experiments the whole grid reached thermal equieonducted a visual validation, considering basic ther-
librium resulting in total cloud dissipation to which the modynamic principles. The simulations showed that
actions of wind also contributed. In a grid where a giverour proposed model presented a satisfactory behavior,
temperature prevails over almost of its whole area, theonsidering some thermodynamic principles. The wind
environmental temperature setXtC, is expected atin- actions also were considered coherent, because they
finite time into an undisturbed environment such that imoved the clouds until their full dissipation. In all ex-
reaches thermal equilibrium to the environmental temperiments, the clouds, with heterogeneous temperature
perature. These effects resulting from physical pheaandomly initialized, tended to converge to a uniform
nomena were more prevalent than those of the simtemperature, reaching the thermal equilibrium. Another
lations with smaller grids. These results may be exebserved behavior was the thermal equilibrium between
pected. Because of these smaller areas, thermodynarttie cloud and grid, which always resulted in cloud dis-
equilibrium tends to be reached faster than in those aipation. The wind actions also contributed to conver-
the larger grids, in addition to which the probability ofgence of cloud temperature to environmental tempera-
a wind reaching the cloud is greater. ture, because they spread the clouds, accelerating the
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Fig. 6 Six states of the third simulation, gid x 50.

thermal equilibrium. In all simulations, the clouds ob-[4] D. G. Andrews. An Introduction to Atmospheric
tained a similar behaviors; in grish x 50, the third Physics Cambridge University Press, 2000.
simulation, the cloud remained in the grid longer thaif5] A. W. Burks. Essays on Cellular AutomataJni-
those in the other simulations. versity of lllinois Press, Urbana, 1970.

[6] G. M. B. Oliveira. Autbmatos celulares: aspec-
tos dinamicos e computacionais. lih Jornada
de Mini-cursos em Intel@ncia Artificial (MCIA).
Sociedade Brasileira de Compugas; volume 8,
2003.

As a follow-up to this study, other variables will be
added, such as, pressure, kinetic energy, density and
humidity, thus making the model more reliable. An-
other proposal is to simulate a three-dimensional space,
approximating the model of a real system. The pro-
posed model also may be implemented using the par-
allel computing paradigm, improving its performance
and, consequently, its ability to perform in real time.
The latter proposal is justified by the increase of vari-
ables involved, which feature a real atmospheric sys-
tem. Thus, parallel computing may increase the model
performance in a more complex scenario.
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