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: i -li sing chaos
Abstrac? ency of solving non-linear systems using

: blems using image
he emers . on of innumerable problem: :
I‘ nd the solU:::sn leads to the use of specific machines,
the® ., approac d,ata and instruction parallelism. The
xplores e ing chaotic nonlinear systems,
s or time series is quite common, but
: : 2 b
ng . . techniques of 1mage processing wi
start of comh:s'“i';‘f,t usual. In this paper, the combining
roac

i ’ ' from
s app characterize signals obtained :
i e t(\)vhich it is calculated the embedding

er spectra. The proposed tec.hniques is
gimersio nted in a parallel processing machine, PAD,
izt is discussed.

dynamlcfrom equation

. INTRODUCTION

try to model problems as the flux of
fluid, they write the Navier-Stokes

o antial equations. In simple cases, as a flux n}sxdc a
dfﬂmn alculation may be exact, but 1n many dl.fﬁcult
pipes .[hc s the answer may be impossible analytically,
o of numerical analysis using computers. To solve
depcndlng] s in a simple von Neumann machine may be
sl c? and the use of parallel or distributed

may be successful [HWA 93].

When scientists
water, air, or some

impracticabl
architectures

On the other side, many efforts have been made to the
efforts to answer some questions as: ‘thll powers tll1.ef sun,
why does it have spots, how !ong will it sustains life on
earth. but these questions remains to be apswergd. The best
models of the sun's nuclear power predict a sngmﬁgmtly
higher neutrino flux than is actually observed. .It. s not
known what causes sunspots and other sqlar activities or
even why the sun emits x rays. The modeling of how stars
~ evolve leads to age estimates for some stars that are greater
- thanrecent estimates of the age of the universe [ HAR 95].

Man.y aSpects as solar explosions, coronal mass ejection,
magnetic storm and ionospheric phenomena are being
Investigated, intensively to realize the Space Weather
Forecast which enables the prevention of damages to the

communication systems, geological positioning satellites.
cnergy transportation systems, and so on.

Because of rapid evolution of the space exploring
systems and the expectations that the future space projects
are based on the private industries partnership, increasing

the number of projects in the area, the Laboratory of
Communications Research, together with the Solar

Terrestrial Research Center, both in Japan, started in 1989
the International Program of Space Weather Forecast |
MAR 89]. The program expected the installation of several
laboratories dedicated to the analysis of data stored by
STEL (Solar Terrestrial Environment Laboratory) in
Nagoya University, with the purpose of creation of a data
base of solar explosions, coronal mass ejection, magnetic
storm, and ionospheric phenomena. There are 23
laboratories, denominated SWFL (Space Weather Forecast
Laboratory) Units, being installed in several institutes, and
universities, around the world. The Departments of
Astronomy and Applied Computer Sciences of the INPE
(Brazilian National Institute of Space Research), with the
creation of a Space Weather Forecast Laboratory (LPCE),
accorded with STEL to the installation of Brazilian unit that
will participate of the SWFP (Space Weather Forecast
Program) that will use parallel computation to processing,
visualization, and analysis, of solar images obtained in real
time. The LPCE will be the main user of the parallel
machine that will be installed at the Computation
Department of Federal University of Sao Carlos

(DC/UFSCar).

In this paper we present some aspects of lhg image
processing, and chaos theory, used to the analysis of the
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data from STEL, in the related p
cluster of SMP's, named PAD |
performance analysis and conclusion.

II. IMAGE PROCESSING [GON 92]

The base algorithm in the Image Processing 18 conccrl;cd
to  Fourier transform, which involves the compicx

parallelism of instructions and data.

A. Fourier Transform

Using a function f{x) , the Fourier transform function

F(u) 1s given as:

o0

F(u) — Jf(x)e'j?.madx

—_ 00

A sample signal is obtained, so that the continuous
signal, may be reconstructed, and the Fourier Transform
and the Convolution Theorem may be used to the analysis

of the sampled signal.

Considering that the function f{x) varies from -0 to oo,
and given a finite value W, the Fourier transform vanishes

for values of u outside [-W,W]. A function which its
transform is in the interval defined by a finite value of W is
called limited band function. To obtain the sampled
version of f{x), it must be multiplied by the sample function
s(x), which is a series of unit impulses Ax. By the
convolution theorem, the multiplication in the x domain, is
the same as the convolution in the frequency domain. Then,
the Fourier transform is obtained by the convolution

S(u)*X(u) .

The transform i1s periodical, with period //Ax, and the
repetitions of X(u) will overlap. To avoid this overlap, it is
selected the interval Ax so that:

|
Ax £ —
2W

Tbc inverse Fourier transform returns the initial
continuous function. The complete recovery of a limited
band function, in which the samples period satisfies the

cquation, is known as the sampling theorem of Whittaker-
Shannon.

| A bidimensional sampled function is a set of unitary
impulses separated by Ax units in the x direction, and by Ay

arallel machine, which 1s a
[BER 99], followed by a

jn-ljn-2---j IjO
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B. Fast Fourier Transform

Thc number of complex products ang addit;
to implement the Fourier transform i ro %
but by proper decomposition, these g
proportional do N log, N. This decom

called fast Fourier transform (FFT)
computer

(?nS reqUired
tiona| ¢ )2
umbers cap pe Made

POSItion procegyy, ;

) . algorithm
implementation of the alool.’m?;d lh‘c
S ©

mind is that the

operations,

algorithm., These successive operations use (e
arrangement known as shuffle exchanee.

One important tool to the parallel the FFT algorithm, is
the use of de Bruijn Graph B, [PIT 93). The de Bruijn

graph. B, consists of N = 2" nodes. The nodes i and ] have
t.hé binary representations i nl bn2e b pigand jojo
J1J 0, and there is an edge between i and J 1f and only if '

JniJn2eiJ1Jo = Un2ln3..00,0r

a2 b nizeea i() 1

The de Bruijn Graphs have an interesting doubling
property which states that from B, the g
B+, can be determined by identifying the edges of B, Wil
the nodes of B,,;. There is an edge from the node ! © (he

successive  doyblino
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1 B,., if and only if in B, the end point of the edge i

¥ | ‘
node the starting point of the edge ;.

C Correlation

f fundamental properties that states a clear

One © . :
h the chaos theory 1s the correlation property.

connection Wil

With a cunction x(1) and delay T, in a interval from 0
o T. 1ts self-correlation function is given by:

1 g%
C(1) = Ilgnc0 ’.-i’-,/; z(t)z(t + 7)dt

[n discrete terms, with samples in  and t,, , and
culating the summation from 1 to N-t, where N is the

z:,lnplc aumber, the discrete correlation function is given
by:
1 N-—T
C(t) = N7 > z(t)z(tar),

=1
One 1mportant remark is that, in dynamic dissipative
system correlation in a space may be located in the same

line, plane or space, as can be seen in Fig.1.

Fig. 1 — The dimensions where the three points may be

correlated.

[1I. CHAOS THEORY [PEI 92]

Chaos as a science is concerned (o systems with sensit.iv'c
dependence to initial conditions. Chaotic motions exhibit
a very rapid growth of errors, sO that despite of the
existence of determinism, it turns difficult any long-term
prediction. One important definition which is essential
when describing chaos is the notions of strange attractors.
We can describe an attractor, with a physical experiment,
when using a bowl and observing how a little iron ball put
into different initial conditions, come to rest at the bottom,
the rest point. The attractor is this final situation, or the rest

point.

A, Strange Arttractors.

It 1s believed that long-term behavior of dissipative
systems would run into simple patterns of motion such as a
rest point. In contrast, strange attractors arc those patterns
which characterize the final state of dissipative systems that
arc highly complex and show all the signs of chaos.
Furthermore, the geometrical patterns of strange attractors
may be associated to the fractals. The reason for the
popularity of chaos theory and strange attractors lies 1n the
expectations to crack the mysteries of our planet’s climate,
as the solar dynamics, as well as human brain activities,
through the strange attractors concept. And the chaos theory
makes available a method to the reconstruction of strange
attractors, using the sequences of numbers, obtained
experimentally. It also make possible the computation of
dimensions and Ljapunov exponents that specify the degree
of strangeness of the attractor.

As an example, we describe the Rosler attractor, an
clementary geometric construction of chaos in continuous
systems, based on the following systems of differential
equations:

X'(1)=-(y (t) +z (V) X=X
yO=x (O +a.y() y(©)=yo,
z'(t)=b + x (t). z(t) — c. z(t) z(0)=12z,.

The problem is that the understanding of natural
processes does not start with a set of equations, but such
models are usually obtained at the end of a long sequence
of actions to the identification of the phenomena, which
includes series of experiments, computer simulations, and
finally mathematical analysis.

However, we must know in a given sequence of numbers
whether they are concerning to an attractor, and if so, we
must quantify the Ljapunov exponents and dimensions. In a
simpler situation, we have a black box in which some
dynamical system is present. We may probe the system at
discrete time intervals and obtain the value of one of the
state variables of the system. If we choose the variable z (t),
and a time interval T, we can get the sequence of values of
z (t) sampled in the period of T.

This simple procedure, known as Takens Reconstruction
[RUE 71], allows us to get the geometric structure of any
underlying attractor. In the case of Rossler system in the
black box, we can choose a time delay T, multiple of T, and
look at the following sequence of vectors:

(z (0), z (T), z (2T)),
(z (1), z (T +T), z (v +21)),
(z(21),z(2t+T), z ( 2T + 21)),

0000000000000000000000000000000000000

(z (k7), z (kT + T), z (kT + 27T)).
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B. Ljapunov Exponents.

aracterizes the average

‘ v exponent ch . .
The Ljapuno P ¢ per iteration, expressed

logarithmic growth of relative erro
by:

. N S Jled
In practice a small error in the initial point will be S

s B
A=1im lnn—Zlog(IE‘,/E‘._l )
1 each iteration. A positive exponent

ove away, while a negative onc
ponent 1S not

A
by the factor of ¢
means that nearby orbits m .
means approximation. So, the negative €X

expected for a chaotic attractor.

C.Fractals.

Traditional geometry defines the point as with dimension
zero. If this point is moved, and we get all the g.ene.rate.d
points, we have a line, with dimension one. If this line 18
moved vertically to itself then we have a square, a ﬁgure
with dimension two. In the same way, we can obtain a
cube. with dimension three. It is possible continue this
procedure, moving the cube to obtain another figure with
superior dimension, although we couldn’t see the final
figure. As an example, we suppose a line which spreads
over a surface without crossing itself. At the bound, this
line will be filling the total plane, but in the traditional
geometry this line is still a figure in one dimension, but we
can perceive that it is near two-dimensional. Using this
idea, Felix Hausdorff created the idea of fractionated
dimension. Benoit B. Mandelbrot introduced the fractal
dimension [MAN 82]. According to these ideas, it is
possible to imagine dimensions as /.58, and 1.95 [MAT
97].

Given a self-similarity structure, which is concerned to
the fractal structure, there is a relation between the

reduction factor s and the number of pieces o into which
the structure can be divided:

D=1
and
D = log o/ log (1/s)

where D is the dimension of self-similarity structure, or the
fractal dimension.

There are several approaches g ot
dimensions, and one of them is the Bo Pute the .
88). ; C‘)Unting [;Cfal

In this method the fractal is coyereq : Ep
squares, and it is determined the nump, f}' a grig
to cover the fractal. In other words, i i veo ' Square
of squares that include at least g pixel of t’}:ﬁcdt -~
In sequence, it is chosen finer gridg i € fracty) - er
N,? < NS < eN:: squares and ca]cula‘:OSCd by y? g
number of squares S(N,), S(N,), S(n,) eg the e
to cover the fractal image. If S(N) = \rD (N,,) Neceq,
fractal dimension D as the angular ¢ W Iy

constructed by log S(N) against log §(;

<

' : C
Ctficien; the 1
/N) plOIting. ]]nC

[V. APPLICATION TO THE SO A
DYNAMIC ANALYSs OROVAL

As stated earlier, in this paper we prege
the image processing, and chaos theory, useq
of the data from STEL (Solar Terresyig %% analys;g
Laboratory) in Nagoya University, in a paralle] nf:VILonment
dChine,

L Some agpey of

The emergency of solving non-lipe
chaos theory and the solution of inpy
using 1mage processing approaches. |e
specific machines, which explores the ¢
parallelism. The dynamic system
nonlinear systems, starting from equat
quite common, but the use of com
image processing with chaos approac
paper it is discussed the combining
characterize signals obtained from s

which it is calculated the embeddin
power spectra.

ar systems |,
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ata and inggp,
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hes isn't usyg] In this

techniques g to
olar explosion, frop
g dimension, ang the

Sing
Cms
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tion,
aotic

A very simple approach in linear s '
ystems is th
filters [BRO 92], but the use of these methods depee:;: grf

the signals in phase space in low dimensions. Oy

measurement of fractal dimensions to the sola

2.73 [MUC 99 1| r explosion is

Algorithms of the reconstruction methods used originally

0 attractors as [LOR 63] and Rossler [ROS 76], was used
here to the solar explosion si gnals.

A. The Time Series of Solar Explosions.

The specific application developed in this work, used 2

time series associated to the explosion radiation, with the
following specifications:

- Frequency: /164 MHz,
- Maximum flux : 9.92 SFU (Solar Flux Unit)
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Fig. 2: The time series obtained from the solar explosion data.

- Minimum flux : 0 SFU,

- Average flux : £0.645 SFU, and, e T T s s o
- Number of points: 7798 points. 0'7';*
|

The power spectrum and fast Fourier transform 06)
algorithms (compute the self-correlation) use the extended o Y,
ceries of 8192 points. Fig.2 illustrates the time series b ‘
obtained with the above data. .The horizontal coordinates 0.4, : L
show the time and the vertical coordinates show the 1 o
intensity of the explosion energy. 03 D

~— \\.‘._\

Through the observation of the non-linearity of the e ¥
phenomena, it is first calculated the self-correlation in 8792 01 B a
points, of the Power Spectrum of the data. The same data is o
used to the Takens reconstruction, and to compute the N o W Ve A sl N e AR
embedding dimension. 0 1000 2000 3000 4000 5000 6000 7000
B. Power Spectrum. Fig. 3 — Power Spectrum (vertical) versus time series

(horizontal), obtained by self-correlation algorithm.

We first use the time series of the solar explosion to
compute the self-correlation power spectrum, as showed in
Fig. 3, that obviously 1s only calculated in dimension 2.
The horizontal coordinates show the sample time, while the
vertical coordinates show the related power spectrum. This
results may be compared with the results of Takens
reconstruction approach in two-dimensions.

C. Embedding Dimension.

Fig. 4 shows the energy values in vertical coordinates,
and the embedding dimensions in the horizontal ones. It is
showed the energy function of two solar explosion time
series, as two curved lines which converges at the higher
values of energy, and fractal dimension.

The results show that the solar explosion data uses
dimension above 2, where the two energy values converge.
The fractal dimensions convergence point obtained is
2.73, which indicates that the suitable approach is the
Takens Reconstruction of chaotic attractors, by the fact that

the correlation dimension is calculated in dimension 2 Fig. 4 - Energy values (vertical) versus embedding
[GRA 83]. dimensions (horizontal). ;
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V. PARALLEL PROCESSING

S| the
We are concerning with the parallcl processing odf s
a. calculating the Fourier transform, and |
ning the fractal embedding

Takens reconstruction.

power spectr .
chaos approach, determi

dimension, followed by the

the fast Fourier transform
d using the shuffle exchange
f the nodes on the perfect
graph in which
an be regulated

In parallel computations
(FFT) can be well parallelize
network, but a clever combining 0 3
shuffle results in the topology of the Bruin
the problem of load balancing of an FFT c

[PIT 93].

The determination of the fractal embedding dimension 1t
is used the box counting algorithm.

The purpose of the parallel processing I the analysis
of the data from STEL, in a machine, which is a cluster of

SMP's, named PAD [BER 99].

The architecture of the machine is the Cluster of
Symmetric Multiprocessors (SMPs), named PAD, as
describe by Bernal [BER 99]. It is a high performance
computing system implemented with the technical support
from LSI-EPUSP and financial support from FINEP
(Financiadora de Estudos e Projetos). In its default
configuration, the architecture is composed of eight
processing nodes, one  access workstation and one
administration workstation, as shown in Fig. 5. Each
processing node 1s composed by a SMP of two Pentium
processors. All processing elements (workstations and
nodes) are interconnected by a Fast-Ethernet network. The
processing nodes are also interconnected by a high
performance network, named Myrinet.

VI. PERFORMANCE ANALYSIS

To the performance analysis of the parallel processing
we consider the case, where the Box Counting algorithm is
1mplcm§nted [MAT  97], where block transfer and
processing time, of the fractal image, is considered. In these
glgor.lthm, there are two main steps: 1) the image is divided
in grids, and verified the existence of pixels pertaining o
the fractals, in each square unit: and 2) itis calculated the
number of square units, in which at Jeast one such pixel is
present. The two steps described have the complexity of
Q(n )., gonsidering the image with »’ points, To each yrid
S1Z€, 1L 1S necessary to repeat the steps described untilgth
sufficient number m ig obtained to the calcdlation oi

gngular coefficient in the space of log S(N) versus Jo
(1/N), remembering  that Increasing the number zﬁ

\d\r’/ ? ,.P
decreases the grid size. In the L
angular coefficient determinatiop, is{ﬁm € fing) sz
is used a single processor, Lc Sidergy *
.;m"c i
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Fig. 5. PAD cluster.

| The analysi§ 1S madt?, varying the number of Processors
W1th.a. Square image with 256x256 points. There are ml; 1
possibilities to apply the box counting algorithm - fy

Image box counting and sub-image box counting, described
as follows.
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imafgl; 'Il;iz)by(lecI(;L:;(lisr, :hovtvlfd the result o.f the first case, full

g where the algorithm considers the
ransference of complete image to all p available
processors, and each processor calculating the number of -
poInts i some grid size. The first column indicates te
number of processors used; the next four columns 3
corresponds to the processing time, when it is varied e &
grid number m; and the final column represents the speed: 3
Up, When m = 16, For example, when p = [ andm =223
Single processor takes care of the box counting with 210 3
Size 1 and 2; and when p =2 and m = 2, one processir g
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takes €
prOCCSSOl'-
= 4 proccssors an

because |

rable | docsn't cons

in this case be
1ma

PROCESSING TIME

ge to the processors.

TABLE I

are of the box counting with grid size / and the other
with the grid size 2. There 1S no reason to use p
d the box counting with only m
n this casc (WO processors will be 1dle, so the
ider these cases. The speed-up is small
cause of the high transference time of the full

AND SPEED-UP, USING FULL IMAGE TRANSFER TO

ALL PROCESSORS (FULL IMAGE COUNTING).

. m=2 |m=4 | m=8 | m=16 | Speed-
up
m= 16
1 524 | 10.48 | 2097 | 41.94 | 1.00
2 14,39 17.01: 1:22.25 . 1:32,73:i]31.28
4 14.39 | 17.01 | 22.25 | 1.88
g 14.39 | 17.01 | 2.46
16 14.39 | 2.91

[n Table I1, it is showed the results of the sub-image box
counting algorithm where each processor is responsible by
rocessing of all m grid size, considered to a specific
{ the fractal. For example, when p = [ and m =
essor takes care of the grid dimension /
and 2 as the case of the Table I; but whcn.p = 2 and m = 2:
one processor takes care of the box counting with grid 51.zc
7 and 2 of half of the image, for instance the left half, while
cessor, with the grid size / and 2 of the
f. In the case of p = 4 processors, and
divided in four sub-images, of //4 size,
be responsible by the processing of
he grid size / and 2. In this case,

head is reduced increasing the
t is better than the first

the p
sub-image o
2. the single proc

the other pro
remaining right hal
m = 2, the image 18
and each processor will

the box counting, with t
the image transfer over
number p of processors, and the resul

case.
TABLE II

- PROCESSING TIME AND SPEED-UP, USING SUB-IMAGE TRANSFER TO

THE PROCESSORS (SUB-IMAGE COUNTING).

m=2 | m=4 | M=8 [ m=16 [ Speed-

up

m = 16
524 | 10.48 | 20.97 | 41.94 | 1.00
250 | 11.12 | 16.36 | 26.85 | 1.56
495 | 556 1818 -|13.42:]) 3,12
0 1:2.97..14.07.:] 667 | 626
£05. 113812031333 12.59

In this analysis 1t 1s considered the processor execution
time of 40 ns, and the typical 1024 bytes block transfer time

of 0.184 ms.

We conclude that all the algorithms concerning parallel
image processing, and Takens reconstruction of attractors,
would have better performance if we could distribute the

sub-images to the processors. In this case, the speed-up will
be better than, using algorithms, which distribute the full

images to the processors. Fig. 6 shows the speed-up of the
parallel processor to the box counting algorithm.

1
"(‘ Sub-image
10 0 counting -~

l

4

‘ ’

'—

T

= e |

I Full image
g counting
S

¢ |
2 ‘0} /'//d/ !'

2 4 6:.18.%10; 12..14..16
Number of processors

Fig. 6. Speed-up of parallel box-counting algorithm.

VII. CONCLUSIONS

It is presented a high performance computing using a
cluster architecture. The methods uses conventional image
processing algorithms to determine the self-correlation, and
chaos theory to determine the strange attractors, of the solar
explosion data. The use of combining techniques of image
processing with chaos approaches isn't usual. In this paper,
the combining techniques are used to characterize signals
obtained from solar explosion, from which it is calculated
the embedding fractal dimension, and the power spectra.
The proposed techniques are being implemented in a
parallel processing machine, PAD, and the performance 1s
discussed. It is concluded that all the algorithms concerning
parallel image processing, and Takens reconstruction of
attractors, would have better performance if we could
distribute the sub-images to the processors. In this case, the
speed-up will be better than, using algorithms, which
distribute the full images to the processors. This final
conclusion is based on the performance analysis algorithm
of the box counting algorithm, where both types of

implementations is tested.
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