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The wavelet analyses have been carried out, using a cluster of personal computer, on the signal of
electric field fluctuations measured with heavy ion beam probes in the compact helical system
stellarator. The results have revealed the intermittent characteristics of turbulence and of the
nonlinear couplings between elemental waves of turbulence. The usage of parallel computing is
found to successfully reduce the calculation time as inversely proportional to the CPU number used
the cluster, which shows the nature of “embarrassingly parallel computation.” The present example
of the wavelet analyses clearly demonstrates the importance of the advanced analyzing methods and
the parallel computation for the modern studies of plasma turbulence. © 2010 American Institute of

Physics. [doi:10.1063/1.3488244]

The understanding of turbulence should be a key issue
for realizing magnetically confinement nuclear fusion, since
the turbulence governs the plasma transport property to de-
termine the plasma performance.l‘2 Recently, the advanced
methods to analyze turbulence, such as wavelet and bicoher-
ence, have been developed to succeed in quantifying the
nonlinear nature of turbulence, e.g., intermittency and mutual
couplings between elemental waves or vortices.> In fact, the
wavelet and the wavelet bicoherence analyses succeeded in
proving the couplings between zonal flows and background
turbulence.™®

For further understanding of turbulence, many other ad-
vanced analyses should be needed to reveal hidden natures of
turbulence, although they should require a huge amount of
processes or steps to often impose intolerable calculation
time on a computer. Therefore, the modern experimental
studies of turbulence need the most excellent capability of
computers. The purpose of this article is to demonstrate the
necessity of advanced analysis of plasma turbulence and the
excellence of the parallel computing for experimental turbu-
lence studies, by presenting a set of wavelet analyses applied
on the electric field fluctuations in the compact helical sys-
tem (CHS).

CHS is a toroidal device of medium size, R=1.0 m and
a=0.2 m, equipped with two heavy ion beam probes
(HIBP), where R and & are the major and averaged minor
radius, respectively. The analyzed electric field fluctuations
are measured with the HIBPs on a CHS plasma produced
with electron cyclotron resonance heating (ECRH) and the
confinement magnetic field strength of 0.9 T. The HIBP data
are sampled with digitizers named WE7116, a module of
Yokogawa WE series. A channel of the digitizer has 2M
words memories, and the maximum sampling rate can be up
to 25 MHz. The sampling rate in the experiment was set at 5
(or 10) MHz to cover the whole duration of CHS discharges.
Correspondingly, the Nyquist frequency here is 2.5 (or 5)
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MHz in this series of experiments. Electric field measure-
ment needs 16 channels at a plasma spatial point, hence, a
total of 32 Mbyte words data are managed for the analyses
presented here. The cluster of personal computers used for
the analysis is constructed with a dozen of Macintosh Xserve
Quad Intel Xeon, each of which is equipped with four CPUs
with the clocks of 2.26 GHz, hence, the system owns 40
CPUs in total.
The wavelet transformation adopted here is defined as

g(f.0) = F G(n)®(f,t - 7)dr, (1)

with @(f,t)=\r’g‘exp[iZWft—(ft)z/Z], which has a natural
correspondence with the traditional Fourier transformation
(FFT). In addition, the square |g(f,7)|*> means the spectral
power density at a frequency and time, (f,7). This property
of the wavelet transformation allows us to evaluate the inter-
mittent nonlinear couplings between elemental waves. As
is similar to the bicoherence based on the Fourier
transformation,”® the squared wavelet bicoherence®’ is de-
fined as a simple extension of the traditional form as

Ugi(wlJ)gi(wz,f)g?(wyl)dﬂz

b wy,wy) = — — — .
b J1gi(@1,0)gi(w,,1) 2dtf|g,-(w3,t)|2dt

2)

In the definition of the bicoherence, the frequencies of three
waves should satisfy the frequency matching condition
VARVESIES

Figure 1 shows the results of the wavelet analyses ap-
plied on the HIBP data. The temporal evolution of the mean
wavelet power density is shown in Fig. 1(a). The temporal
evolution is calculated up to 500 kHz every 1 kHz for 120
ms every 50 us, therefore, the total number of the spectral
points calculated in (¢,f)-domain is 2400 X 500=1.2x 106,
according to the following equation as:

© 2010 American Institute of Physics
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FIG. 1. (Color) An example of wavelet analysis. (a) Temporal evolution of
wavelet spectral power, (b) bicoherence diagrams from 42 to 62 ms, and (c)
that of 70-90 ms.
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setting 7=50 us. In the case of Fig. 1(a), the sampling rate
(time) is chosen as 5 MHz (200 ns) and each averaged spec-
tral power is evaluated from 500 temporal points around it.
The total time necessary for the calculation is 2340 s using
40 CPUs (or each CPU takes charge in calculating 3 ms
data). The calculation time is measured using the function
“gettimeofday_sec” in C.

In the evolution of the wavelet power density [Fig. 1(a)],
it is likely that the turbulence characteristics may change
around =65 ms. The bicoherence diagrams shown in Figs.
1(b) and 1(c) are calculated, according to Eq. (2), for these
two characteristic periods of the discharge, t=42—62 ms and
t=70-90 ms, respectively. In comparison the two bicoher-
ence diagrams appear different, suggesting clear changes in
the manners of nonlinear couplings in temporal average; in
the early phase higher bicoherence can be seen in the regions
along the lines of f,~3f, fo~3f1/2, fo~2f1, fr~2f1/3,
fo~f1/2, and f,~ f;/3, while in the later phase the high
bicoherence remains along those of f, ~2f; and f,~ f/2.

In the usual bicoherence analysis based on FFT, the ana-
lyzing period of 20 ms is completely insufficient to resolve
the difference between the above two phases.10 However, the
wavelet bicoherence can succeed in visualizing the differ-
ence in the turbulence characteristics to show its superiority
as a turbulence analyzing tool. Here, the wavelet spectral
density was evaluated for the temporal window of 20 ms
every 200 ns and for the frequency up to 500 kHz every
1 kHz, therefore, the number of the temporal realizations is
1 X 10°. Therefore, the total number of the necessary integra-
tion is 5 X 107. Each CPU is assigned to completing the cal-
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FIG. 2. (Color) (a) Comparison between bicoherence diagrams of three
periods, (left) 70~74 ms, (middle) 7078 ms, and (right) 70-94 ms. (b) Total
bicoherence calculated for the period of 20 ms as a function of frequency,
with the one of the period of 4 ms for reference. The dashed line indicates
the noise level evaluated using Milligen’s formula. (c) The convergence
property of the total bicoherence at several frequencies, 10 (circles), 50
(closed circles), and 200 kHz (squares). The evaluated total bicoherence is
changed as a function of the inverse of the calculation period. The dashed
lines represent the change of the noise level.

culation for a temporal domain. In the case of 40 CPUs used
(or that the assigned temporal period of the calculation is
0.5 ms), the necessary calculation time is 278 s~4.6 min.

The discussion should be made on the significance and
convergence of the bicoherence values obtained in the wave-
let analysis. Figure 2(a) shows the bicoherence diagrams for
the three different period of 70-74, 70-78, and 70-94 ms.
The comparison between these three diagrams, assuming that
the turbulence characteristics are not changed for 70-94 ms,
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FIG. 3. (Color) The necessary computation time as a function of the number
of CPUs in a cluster. In case of a CPU used, the necessary time is
36 551 s~ 10 h. The necessary time is reduced by almost 1/N, where N is
the number of CPUs used in parallel computing.

Downloaded 02 Aug 2012 to 133.5.178.225. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



104503-3 Wavelet analyses using parallel computing...

can address the convergence property of the bicoherence.
After a longer temporal average, intermittent properties in
the couplings should drop and the temporally averaged cou-
plings should remain; i.e., the couplings should be constantly
strong on the lines of f; ~2f, and f,~2f; in the later phase
of the discharge.

Figure 2(b) shows the comparison between the total bi-
coherence and the noise level as a function of frequency, for
the case of bicoherence analysis of the period of 70-90 ms
[or Fig. 1(c)], where the noise level is evaluated according to
Milligen’s formula.” For reference, the dashed-dotted line
shows the total bicoherence calculated for the period of
70-74 ms. Compared to the noise level, the significant sta-
tionary couplings are found in the frequency range of
~50-150 kHz, for the 20 ms average, while the number of
realizations (or the temporal periods) are insufficient to find
the stationary bicoherence in the lower (f<<50 kHz) and
higher (f>200 kHz) frequency ranges.

Figure 2(c) shows the convergence properties of the
bicoherence values at several frequencies, 10, 50, and
200 kHz, as a function of the inverse of the calculation
period, 1/T. As is similar to the above conclusion, the sig-
nificant coupling is found in the case of f=50 kHz, while
the cases of f=10 and 200 kHz need more effective realiza-
tions (or more calculation time) to find a significant cou-
pling. The lack of significant bicoherence at low frequency
around f=10 kHz should be ascribed to insufficiency of the
analyzing periods to resolve such low frequency, while that
at high frequency above f=200 kHz should be to the weak
coupling in this high frequency region.

Finally, it is worth a while to discuss the efficiency of the
parallel computing. In order to confirm the efficiency of par-
allel computing, the calculation time to obtain the bicoher-
ence diagram for 20 ms is shown in Fig. 3 as a function of
the number of CPUs in the cluster. In this case, the sampling
rate (time) is chosen as 10 MHz (100 ns). The calculation
time using 40 CPUs is 934 s, which is about four times
longer than the previous cases in Figs. 1(b) and 1(c). The
result obviously demonstrates that the calculation time is in-
versely proportional to the number of the CPUs. In addition,
the trials show that the time necessary for transferring the
data between the cluster computers, roughly less than 0.5 s,
is negligible for total calculation time. In other words, the
time for data transfer becomes significant if the number of
CPUs becomes comparable to approximately 70 000.

In conclusion, the wavelet analyses performed on the
electric field fluctuations in CHS, using the parallel comput-
ing, revealed the clear change of the manner of three wave
couplings, which cannot be resolved by traditional Fourier
spectral analysis. The usage of the personal computer cluster
makes the calculation time tolerable and allowing frequent
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tries and errors in the turbulence analyses of ultimate condi-
tions. For example, the significant wavelet bicoherence may
be obtained even in the low or high frequency (f=10 kHz
and f>200 kHz in this article) where the signal cannot be
distinguished from the noise level in a reasonable calculation
time, if a sufficient longer period of stationary turbulence is
available. Besides, for future investigation of plasma turbu-
lence, the bispectral analysis widely carried out at present
should proceed to higher-order analysis, like t1rispe(:trum,ll to
clarify the multiple wave couplings, which should need tre-
mendous steps of calculations. Moreover, multipoints mea-
surements are essential to cover a wide range of space for
resolving the wavenumbers in addition to frequency,lz_14
since the turbulence is a phenomenon varying widely in
space and time. The development of the methods using par-
allel computing becomes absolutely indispensable for the
preparation of such future studies of turbulence.

The authors would like to expresses their sincere appre-
ciation to Professor H. Zushi and the members of AFRC for
their cooperation. This work is partially supported by Grant-
in-Aids for Scientific Research (Grant Nos. 21224014 and
18360447).
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