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1/f# fluctuations in a ricepile model
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The temporal fluctuation of the average slope of a ricepile model is investigated. It is found that the power
spectrumS(f) scales as If with «~1.3 when grains of rice are added only to one end of the pile. If grains
are randomly added to the pile, the power spectrum exhibifsiighavior. The profile fluctuations of the pile
under different driving mechanisms are also discussed.

PACS numbgs): 05.40—-a, 05.65+b, 45.70-n, 05.70.Ln

The termflick noiserefers to the phenomenon that a sig- group of authors; avalanche distribution and transit-time dis-
nal s(t) fluctuates with a power spectru8{f)«1/f* at low tributions were discussel®]. The model was later investi-
frequency. Since the exponeatis often close to 1, flick gated by several other authors including[@8—17. Atten-
noise is also called L/inoise. The power spectrum of a signal tion was paid to the avalanche dynamics and transit-time
is defined as the Fourier transform of its autocorrelationstatistics of the model. In this paper, we are concerned with
function C(to,t) =(s(to)s(t)), where(---) denotes an en- temporal fluctuation of the average slope of the system. We
semble average. Usually the sigrsgt) under study is sta- want to investigate if it has flick noise or flicklike behavior.
tionary and its autocorrelation function only dependston  The ricepile model is defined as follows: Consider a one-
—to. The autocorrelation function can be alternatively calcu-gimensional array of sites 1,2.. L. Each site contains an
lated as integer numbeh; of rice grains. Herén; is called the local

" height of the ricepile at sité The system is initialized by
C(r)=f s(t)s(t+ 7)dt. (1) settingh;=0 for all sites. This means the ricepile is to be
* built up from scratch. The system is driven by dropping rice
grains onto the pile. If one grain of rice is dropped at site
then the height of column will increase by 1,h;—h;+1.
S(f)=|§(f)|2 2) With the dropping of rice grains, a ricepile is built up. The
local slope of the pile is defined as=h;—h;, ;. Whenever
according to the Wiener-Khinchin theorem. Hexé) is the  the local slopez; exceeds a certain threshaifl (specified in

Fourier transform of the signal the following), sitei will topple, and one grain of rice will be
transferred to its neighbor site on the right. Thaths;>h;

3) —1 andh;,;—h;. 1+ 1. In this model, rice grains are al-
lowed to leave the pile only from the right end of the pile,
while the left end of the pile is closed. So the boundary

In nature and the laboratory, many physical systems showondition is kept a®,=h; andh, . ;=0. The ricepile is said
flick noise. For example, flick noise appears in a variety ofig pe stable if no local slope exceeds the threshold value, that
systems ranging from the light of quasgtg to water flows g 7 <¢ for all i. Rice grains are dropped to the pile only
in rivers [2], music and speecf8], and electrical measure- when thle pile is stable. In an unstable state, all ditegth

ment[4,5]. Despite its ubiquity, a universal explanation of . . .
the fli[ck %oise I|Os still Iackci]ng.yBak Tang andeiesenfeId .Z‘>ZF topple in parallel. The topplings of one or more sites

BTW) proposed that self-organized criticalit600 [6 is c_alled anmavalancheevent, anq the_ size of an avalanche is
Enay t))epthg mechanism undgrlying flick noigg. ?hegy] alsodeflned as the number of topplings involved in the avalanche
demonstrated their idea of SOC with a cellular automatorfVent. _ o

model, the BTW sandpile model. However, the model they The values ofz’s are essential to the definition of the
proposed does not exhibit flick noise in its one-dimensionamodel. As in Ref[10], every time sité topples, the thresh-
(1D) and 2D version$7]. Especially the 1D BTW sandpile old slopez’ will take a new value randomly chosen from 1
model does not even exhibit SOC behavior. Experimg8lts to r with equal probability. Here is an integer no less than
on piles of rice grains were done to investigate if real granu-. The parametarreflects the level of medium disorder. The
lar systems display SOC behaviors. It was found thatarger ther, the higher the level of medium disorder of the
ricepiles with elongated rice grains exhibit SOC behaviorssystem. Ifr=1 the model becomes the 1D BTW sandpile
The key ingredient here is the heterogeneity of the systemmodel. Whernr =2, the model reduces to the model studied
Because elongated rice grains could be packed in differerih Ref.[9]. In Ref.[10], we investigated the effect of disor-
ways [8], the ricepile thus has many different metastableder on the universality of the avalanche size distribution and
states. A 1D model of ricepile was proposed by the saméransit-time distribution.

If the signal is real valued, its power spectrum is just

s(f)= f:s(t)eizﬂftdt.
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F FIG. 2. The power spectrum aft) for different system sizes,

with fixed driving andr =2. The curvedfrom top to bottom are

o ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ for L=40, 60, and 100, respectively. The dashed line is a curve for

"0 100 200 800 400 500 600 700 800 90D 1000 yox~125for reference. The number of data points for Fourier trans-
t formation isN=2048, and the results are obtained by averaging

FIG. 1. The time evolution of the average slop@) of the ~ ©ver 500 samplesf.=1/(2A) is the Nyquist critical frequency,
ricepile after the stationary state has been reached. The parametdf@€reA is the time interval between two successive points in the
used for this figure are =20 andr = 4. (a) Rice grains are added to ourier transformation.
the pile at sitd = 1. (b) Rice grains are added randomly to the pile.

show the power spectrum aft) for different system sizes.

In the present work, we performed extensive numericalt is clear that when the system size increases tffié bhé-
simulations on the system evolution. Let us first study thehaviors extends to lower and lower frequencies.
case where rice grains are added only to the left end of the We also investigated the effect of the level of disorder on
pile, i.e., only to the sité=1, which is in accordance with the power spectrum. This was done by simulating the system
the experiment setufp8]. We shall refer to this driving with different values ofr. In Fig. 3 we show the power
mechanism adixed driving When the stationary state is spectra for the system with different. It can be seen from
reached, we record the average sl@ge =h,(t)/L of the this figure that the power-la®straight in the log-log plot
pile after every avalanche. Here tinhds measured in the part extends to lower frequency for higher valuerofThe
number of grained added to the system. Thus we obtained &ffect can be understood by the following discussion. When
time seriesz(t). Typical results about the fluctuation of the the level of disorder is increased, the amplitude of the slope
slopez(t) can be seen in Fig.(4). We calculate the power fluctuation also increases. A larger amplitude fluctuation of
spectrum of this time series according to ER). We find  z(t) requires more grains to be added to the system. Hence
that for not too small systems the slope fluctuation displayshe period of this fluctuation increases, which gives rise to an
1/f-like behavior. In fact, we obtained a power spectrumincrease of low frequency components in the power spec-
S(f) scaling as 1/* at low frequency, with the exponent  trum. We have made statistics on deviation of the ricepile
=1.3+0.1. We note the following points. slope from its average value in the stationary state. We found

(@ The temporal behavior of the ricepile model is dra-that the greater the value ofthe greater the deviation. Note
matically different from the 1D BTW sandpile model. In the that the value of >1 does not affect the exponeat as it
1D BTW model, the system has a stable st@g which, does not alter the universal avalanche exponerior the
once reached, cannot be altered by subsequent droppings @falanche distributiop10].
sand grains. Thus the 1D BTW model does not display SOC
behaviors. The slope of the 1D sandpile model assumes con-
stant values. The power spectrum is thus of the f&(f)
= §(f). In words, there is only a dc component in the power
spectrum for the 1D BTW model.

(b) With the introduction of varying thresholzf into the
ricepile model, the behavior of the system becomes much
more rich. The avalanche distribution follows a power law
[10], which is an important signature of SOC. In addition,
the temporal fluctuation df(t) has a power spectrum of flick
type at low frequency. 10453 102 107 10°

We notice that the power spectrum is flattened at low /f
frequency for small system. This is a size effect. It is be- °
lieved that flick noise fluctuation is closely related to the . 3. The power spectrum of the slope fluctuation for a
long range spatial correlation in the system. For a small SySricepile with L =100. Two groups of curves are shown in this fig-
tem, the spatial correlation that can be built up is limited byyre, with different exponents. For reference, the upper dashed
the system size, thus the long range temporal correlation reine is a curve foryecx =125 while the lower dotted line shows a
quired by flick noise is truncated off at low frequency. Our curvey=x~2. In each group of curves, the upper curve is for the
numerical results verified the above discussion. In Fig. 2, weaser =4, and the lower one is far=2.

28 [




PRE 61 BRIEF REPORTS 5985

It is also interesting to study the effect of driving mecha- 10
nism on the temporal behavior of the system. Now, instead
of dropping rice grains to the left end of the pile, we drop
rice grains to randomly chosen sites of the system. This way
of dropping rice grains represents a different driving mecha-
nism, which we shall refer to agmndom driving Numerical
simulations with this random driving were made, and the
time seriegz(t) was recorded. For this way of driving, typi-
cal result about the fluctuation aft) can be seen in Fig. 1
(b). It seems thag(t) now fluctuates more regularly than it 10’

) T ! 10° 102 10°
does for the fixed driving. We found that under random driv- L
ing the temporal fluctuation has a trivialf#/behavior, as in
the case of various previously studied sandpflés In Fig. FIG. 4. The profile width of the ricepile scales with the system

3, we compare the power spectra of the two cases with difsize. Data from numerical simulations are shown in ogfen r
ferent driving mechanisms. Two groups of curves are showrr2) or filled (for r=4) symbols. Solid lines are power law fit to
in this figure, each with a different exponent For the fixed ~the data for fixed driving, with a power-law exponegt=0.25
driving, we havea~1.25, while for the random driving we +0.01, and the dashed lines are for random driving, with0.09
have a~2.0. The distinction of the two behaviors is quite +0.01. For every run of numerical simulation, statistics were made
clear. This shows that the driving mechanism, as an inteQVer at least 10grain droppings.

grated part of the model, has an important role in the tempo-. . B . I .
ral behaviors of the system. Recent work on the continuouE,'CGp'l.e’W_(1."‘)2“7“(I ,L), which is ?‘f“”.C“O” B the.syst
version of BTW sandpile mode[13], and that on the tem size. In Fig. 4, we show the profile width of the ricepile
quasi-1D BTW mode[14], also showea that certain driving for differentr’s and different driving mechanisms. It can be
mechanisms are necessary conditions for these models §¢€N thaw scales withl. asweLY, and thaty=0.250.01

display a 1f fluctuation for the total amount of sarfdr, say, 1of fixed driving andy=0.09+0.01 for random driving. For
energy. a given driving mechanismy increases with increasing As

Here we present a heuristic discussion on why the expo’® stated in Ref[10], the parameter reflects the level of

nenta is smaller for fixed driving than for random driving. medium disorder in the ricepi_le. AIthough the level of disor-
For fixed driving, the heighb; at sitei=1 changes almost d€r does notchange the scaling expongrit does affect the

every dropping, and so does the average skgpe Thus the amplitude of fluctuations. For_greatarthe profile wid_th is
high frequency component of the(t) fluctuation has a larger. It can be seen in the flgur_e that t_h_e data points for
heavier weight in its power spectrum, and this will make the= 4 are above _those for=2 for a given dnvmg mech.amsm..
exponenta smaller. While, for random driving, the rice A recent experiment showed that piles of polished rice grains

grains are dropped to the pile at random sites, the spa'[i£|";‘1\./eh";11 Sma”ﬁf Erof:le VIVid]fh tr:jqn ug_polighed orjés),
correlations previously built up can be easily destroyed,W ICh have a higner ievel of medium disorder. .
In conclusion, we have studied the temporal fluctuation of

making thez(t) behave more or less as a random walk. Soth | f a rcepil del in its critical stati at
the exponentx for this case shall be very close to 2. For € slope ot a ricepile model In 1ts critical stationary state.

random driving, each site has the same probability in receiv:rhe power spectrum of this fluctuation is closely related to

: . : . the driving mechanism. When the rice grains are dropped to
ing a grain in every drop. For fixed driving, however, only . ; .
the left end site receive grains, so there is in some sensetge left end of the pile, the slope fluctuates with a flicktype

breaking of symmetry, which would lead to different scal- power spectrum, Wi.th the exponeat= 1.3+ 01 When the
ings in the slope fluctuations driving mechanism is changed to random driving, the model

displays 112 behaviors. A greater system size and a higher

To see more about the effect of driving mechanism, it isI | of disord i 4 the f h h
helpful to investigate the profile fluctuations of the pile under evel of disorder will extend the frequency range where the
ppwer spectrum has the formf1/

different drivings. Because avalanches change the surface
the ricepile, the pile fluctuates around an average profile, and The author thanks Professor Vespignani for helpful dis-
the size of the fluctuations characterize the active zone of theussions. This work was supported by the National Natural
ricepile surface. Let the standard deviation of height atisite Science Foundation of China under Grant No. 19705002,
be on(i,L) = (h?)—(h;)2. Here(---) represents an aver- and the Research Fund for the Doctoral Program of Higher
age over time. Then we calculate the profile width of theEducation(RFDBP.
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