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Direct Multifractal Spectrum Calculation from the Wavelet Transform

Zbigniew R. Struzik
cwi
P.O. Box 94079, 1090 GB Amsterdam, The Netherlands

ABSTRACT

We present a direct method of calculation of the multifractal spectrum from the wavelet decomposition. Infor-
mation pertinent to singular structures in time series is captured by the WTMM method and the local effective
Holder exponent is evaluated locally for each singular point of the time series. The direct multifractal spectrum
is obtained from the scaling of the histograms of the local effective Holder exponent. In addition, we illustrate
the possibility of estimation of the spectrum from the entire continuous wavelet transform.
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1. INTRODUCTION

The application of the wavelet transform (modulus maxima) representation of a signal to multi-fractal
analysis has almost reached the status of a standard. The formalism developed by Arneodo et al in the
early nineties [1, 2] has been extensively used to test many natural phenomena and has contributed to
substantial progress in each domain in which it has been applied [3, 4, 5]. Nevertheless the respective
methodology is intrinsically statistical in nature and provides only global estimates of scaling (of
the moments of relevant quantity). While this is often a required property, there are cases when
local information about scaling provides more relevant information than the global spectrum. This
is particularly true for time series where scaling properties are non-stationary, whether it be due to
intrinsic changes in the signal scaling characteristics or even boundary effects.

To address this problem we have introduced [6] a method of estimation of the local scaling exponent
through the paradigm of the multiplicative cascade. We reveal the hierarchy of the scaling branches
of the cascade with the wavelet transform modulus maxima tree, which has proved to be an excellent
tool for the purpose [2, 7]. Contrary to the intrinsically instable local slope of the maxima lines, this
estimate is robust and provides a stable, effective Holder exponent, local in scale and position. From
this an attempt is made in this paper to derive the multifractal spectra directly from log-histogram
scaling evaluation, linking the local analysis with the global multifractal spectra approach. Almost as
stable as the global scaling estimates from the partition functions method, the direct histogram of the
effective Holder exponent provides considerably more information about the relative density of local
scaling exponents, and may prove to be an interesting alternative in multifractal spectra estimation.

The structure of the paper is as follows. Since the Wavelet Transform is central to both the
partition function based multifractal formalism of Arneodo, Muzy and Bacry [2] as well as to our
direct approach, necessary introduction is given. In section 2, we focus on the relevant aspects of the
wavelet transformation, in particular the ability to characterise scale-free behaviour through the Holder
exponent. Together with the hierarchical scale-wise decomposition provided by the wavelet transform,
it will enable us to reveal the scaling properties of the tree of the multiplicative cascading process.
In section 3, we introduce a technical model enabling us to estimate the scale-free characteristic
(the effective Holder exponent) for the branches of such a process. In section 4, we use the derived
effective Holder exponent for the local temporal description of the time series characteristics at a given
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Figure 1: Left: Continuous Wavelet Transform representation of the random walk (Brownian process)
time series. The wavelet used is the Mexican hat - the second derivative of the Gaussian kernel. The
coordinate axes are: position z, scale in logarithm log(s), and the value of the transform W(s,x).
Right: The related WTMM representation.

resolution (scale). This is followed by an analysis of distributions of local h and the (scaling) evolution
of the log-histogram and its relation to the standard partition functions based multifractal formalism.
Section 5 closes the paper with conclusions.

2. CONTINUOUS WAVELET TRANSFORM AND ITS MAXIMA USED TO REVEAL THE STRUCTURE OF
SINGULARITIES IN THE TIME SERIES

Conceptually, the wavelet transformation [8, 9] is a convolution product of the time series with the
scaled and translated kernel - the wavelet ¢ (x), usually a n—th derivative of a smoothing kernel 6(z).
Usually, in the absence of other criteria, the preferred choice is the kernel, which is well localised both
in frequency and position. In this paper, we chose the Gaussian §(x) = exp(—a2/2) as the smoothing
kernel, which has optimal localisation in both domains.

The scaling and translation actions are performed by two parameters; the scale parameter s ‘adapts’
the width of the wavelet kernel to the microscopic resolution required, thus changing its frequency
contents, and the location of the analysing wavelet is determined by the parameter b:
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where s,b € R and s > 0 for the continuous version (CWT).

The 3D plot in figure 1 shows how the wavelet transform reveals more and more detail while
going towards smaller scales, i.e. towards smaller log(s) values. Therefore, the wavelet transform is
sometimes referred to as the ‘mathematical microscope’, due to its ability to focus on weak transients
and singularities in the time series. The wavelet used determines the optics of the microscope; its
magnification varies with the scale factor s.

It can be shown [10] that for cusp singularities, the location of the singularity can be detected, and
the related exponent can be recovered from the scaling of the Wavelet Transform, along the so-called
mazxima line, converging towards the singularity. This is a line where the wavelet transform reaches
local maximum (with respect to the position coordinate). Connecting such local maxima within the
continuous wavelet transform ‘landscape’ gives rise to the entire tree of maxima lines. Restricting one-
self to the collection of such maxima lines provides a particularly useful representation [11] (WTMM)
of the entire CWT. It incorporates the main characteristics of the WT: the ability to reveal the hier-
archy of (singular) features, including the scaling behaviour. [2] Restricting oneself to the collection



of such maxima lines provides a particularly useful representation of the entire CWT. In particular,
we have the following power law proportionality ! for the wavelet transform of the cusp singularity in

f(zo):

W f(s,20) ~ |s[*0)

This is under the condition that the wavelet has at least n vanishing moments, i.e. it is orthogonal to
polynomials up to degree n: fj;o 2™ Y(x)de =0 Vm,0<m<n.

Moreover, the wavelet transform and its WTMM representation can also be shown to be invariant
with respect to the rescaling/renormalisation operation [7, 2, 15, 14]. This property makes it an ideal
tool for revealing the renormalisation structure of the (hypothetical) multiplicative process underlying
the analysed time series.

2.1 Multifractal Formalism on the WTMM Tree

The WTMM tree has been used for defining the partition function based multifractal formalism [2].
It uses the moments g of the measure distributed on the WTMM tree to obtain the dependence of
the scaling function 7(¢) on the moments g:

Z(s,q) ~ s7(@),

The Z(s, q) is the partition function of the ¢g-th moment of the measure distributed over the wavelet
transform maxima at the scale s considered:

Z(s,q) = Y _(Wfwi(s))?, (2.1)

Q(s)

where Q(s) = {w;(s)} is the set of all maxima w;(s) at the scale s, satisfying the constraint on their
local logarithmic derivative in scale [16]. (The local slope bound used throughout this paper is |fL| <2)

Intuitively, since the moment ¢ has the ability to select a desired range of values: small for ¢ < 0,
or large for for ¢ > 0, the scaling function 7(q) globally captures the distribution of the exponents
h(z) - weak exponents are addressed with large negative ¢, while strong exponents are suppressed and
effectively filtered out. For the large positive ¢, the opposite takes place (and strong exponents are
addressed while week exponents are effectively filtered out).

This dependence may be linear indicating that there is only one class of singular structures and
related exponent, or it can have a slope non-linearly changing with ¢q. In the latter case, the local
tangent slope to 7(g.) will give the corresponding exponent, i.e. h(g.), with its related dimension
marked on the ordinate axis C' = D(h(q.)), where 7(g¢«) = h(g«)gs« + C. The set of values C, i.e.
dimensions D(h(g.)) for each value of h selected with g. is the so-called spectrum of the singularities
D(h) of the fractal signal. Formally, the transformation from 7(gq) to D(h) is referred to as the
Legendre transformation:

dr(q) _

D((h(q)) = q h(q) — (q) -

LOne should bear in mind that the above relation is an approximate case for which exact theorems exist [12]. In
particular, we will restrict the scope of this paper to Holder singularities for which the local and pointwise Holder
exponents are equal [13]. Thus we will not take into consideration the ‘oscillating singularities’ (e.g x®sin(1/z?))
requiring two exponents [12, 14]. Nevertheless, it is sufficient for our purpose to state that the continuous wavelet
transform can be used for characterising the Holder singularities in the time series even if masked by the polynomial
bias.




Note that even though the method uses the maxima tree containing full local information about the
singularities, this is lost at the very moment the partition function is computed. Therefore, there is no
explicit local information present in the scaling estimates; 7, h or D, and all these are global statistical
estimates. This is also where the strength of the partition function method lies - global averages are
much more stable than local information and in some cases all that it is possible to obtain.

Indeed, it is generally not possible to obtain local estimates of the scaling behaviour other than
in the case of isolated singular structures from the WT. A typical example of the evolution of the
maximum line along scale is shown in figure 2. It is not possible to evaluate the slope of the plot, not
even on the selected range of scales. This is why we introduced [6] an approach circumventing this
problem while retaining local information - a local effective Hélder exponent in which we model the
singularities as created in some kind of a collective process of a very generic class.

log(Wf(s))
o

“profans dat’ u2:3' ——

log(s)
Figure 2: Left: It is impossible to evaluate the scaling exponent for an arbitrary maximum line
participating in a complex process: a real file example of a maximum line. Right: The local effective
Holder exponent estimate takes the effective difference in the logarithm of the density of the process
with respect to the logarithm of the scale difference gained along the process path.

3. ESTIMATION OF THE LOCAL, EFFECTIVE HOLDER EXPONENT USING THE MULTIPLICATIVE CAS-
CADE MODEL

We have shown in the previous section that the wavelet transform and in particular its maxima lines

can be used in evaluating the Holder exponent in isolated singularities. In most real life situations,

however, the singularities in the time series are not isolated but densely packed. The logarithmic rate

of increase or decay of the corresponding wavelet transform maximum line is usually not stable but

fluctuates, following the action of the (hypothetical, multiplicative) process involved.

To capture the fluctuations and estimate the related exponents (to which we will refer to as an
effective Holder exponent of the singularity), we will model the singularities as created in some kind
of a collective process of a very generic class - the multiplicative cascade model. Each point of this
cascade is uniquely characterised by the sequence of weights (s;...s,) taking values from the (binary)
set {1,2}, and acting successively along a unique process branch leading to this point. Suppose that
we denote the density of the cascade at the generation level F; (i running from 0 to max) by k(F;),
we then have

K(Fmaa:) = Ps; -+ Psp H(FO) — P}};Om,a,:n H(F())

and the local exponent is related to the rate of increase of the product Pfg”” over the gained scale
difference. In any experimental situation, the weights p; are not known and h has to be estimated.
This can be simply done using the fact that for the multiplicative cascade process, the effective product
of the weighting factors is reflected in the difference of logarithmic values of the densities at Fy and
Finar along the process branch:



pFo log(k(Fimax)) — log(k(Fo) )
e~ Tog((1/2)m%) ~ og((1/2)")

The densities along the process branch can be estimated with the wavelet transform, using its remark-
able ability to reveal the entire process tree of a multiplicative process [7]. It can be shown that the
densities x(F;) corresponds with the value of the wavelet transform along the maxima lines belonging
to the given process branch. The estimate of the effective Hélder exponent becomes:

hsh — log(wapb(slo)) - log(wapb(Shi))
Sto log(s1,) — log(sni)

)

where W fwpp(s) is the value of the wavelet transform at the scale s, along the maximum line wyy,
corresponding to the given process branch. Scale sj, corresponds with generation Fj,,., while sp;
corresponds with generation Fy, (simply largest available scale in our case).

4. EMPLOYING THE EFFECTIVE HOLDER EXPONENT IN GLOBAL SPECTRA ESTIMATION

Such an estimated local iL(.CL’(), s) can be depicted in the temporal fashion, for example with a back-
ground colour, as we have done in figure 3. The first example time series is a computer generated
sample of fractional Brownian motion with H = 0.6. It shows almost monochromatic behaviour,
centred at H = 0.6. The colour green is dominant. There are, however, several instances of darker
green and light blue indicating locally smooth components.
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Figure 3: Left: Example time series with local Hurst exponent indicated in colour: fBm with H = 0.6
and the record of healthy heart interbeat intervals. The background colour indicates the Holder
exponent locally, centred at the Hurst exponent at green, colour goes towards blue for higher A and
towards red for lower h. Right: The corresponding log-histograms of the local Holder exponent.
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The second example is a record [17] of heartbeat intervals recorded from a healthy human heart
and it shows an intricate structure of interwoven singularities at various strengths. This behaviour
has been recently reported [18] to correspond with the multifractal behaviour of the heartbeat. The
green is centred at h = 0.1. To the right of figure 3, the log-histograms are shown of the Holder
exponent displayed in the colour plots. They are made by taking the logarithm of the measure in
each histogram bin. This conserves the monotonicity of the original histogram, but allows us to



compare the log-histograms with the spectrum of singularities D(h). By following the evolution of
the log-histograms along scale we will be able to extract the spectrum of the singularities D(h).

4.1 Scale-wise Fvolution of the Effective Holder Exponent

In addition to one scale plot showing the colour spectrum of singular behaviour, we can also see the
scale position locations where the effective Hélder exponent is near a particular value. We show an
example band of he(s) of width € = 0.02, by selecting h = —0.5 £ 0.01 in figure 4 for the record of
white noise. The number of locations that fall within the band range visibly grows with scale and this
growth determines the dimension D(h) which can be associated with the particular iL, at the band
resolution e.
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Figure 4: Left: WTMM representation of a sample of white noise. The maxima are highlighted where
the effective Holder exponent reaches a particular value of h=-05 + 0.01, i.e. € =0.02. Right: for
three values of the band width € = 0.01, e = 0.02, ¢ = 0.05, the logarithm of the sum of the highlighted
maxima is shown for each scale with respect to the log(s) axis. Consistent scaling of —1 rate is shown
for supremum of € = 0.02 plot.

Such D(h) can be estimated for the entire range of h, resulting in the so-called spectrum of sin-
gularities. It is a standard way of visualising the distribution of singularities - it gives the (fractal)
dimension D(h) of the supporting set of singularities for each exponent value h in the time series.

D(h) = dim({xo} : Tf(x — x0) ~ |x — 20|"@)) ~ 2% slhrilo 10%(1/3;((’:55;0)))

where p. is the measure of the total number of locations (selected maxima) that fall within the band
of size € at a particular scale location s;,. One additional modification to the scheme is the linear
correction on the € band width. It is meant to compensate for the decreasing scale range when shorter
scale spans are considered. The €04 used is thus €04 * l0g(si10/Shi)-

The dimension D(ﬁ) is evaluated in the standard way from the scaling of the log-log plot, as in
figure 4 right. Obviously the width of the band of the exponents is a parameter of choice, (is subject
to arbitrary choice) but this does not affect the slope of the log-log line within the realistic range
of the e. Three example log-log plots for three values of ¢ = .005, ¢ = .01, ¢ = .025, are shown
in 4 right. The slope of the log-log plot remains practically independent of the band width, this is
especially true towards the small scale limit. The vertical shift in log-log plots is of course due to the
decrease/increase of the maxima points within the selected band with its width decreased/increased.
Similarly the variance of the log-log plot visibly increases with the decreasing band width.



4.2 Direct spectra from the (bands of) the Effective Hélder Exponent on the WTMM tree
Calculation/evaluation of direct spectra from the e bands of the Holder exponent simply accounts
for covering the entire range of the local effective Holder exponents detected on the maxima tree. In

figure 5, we show the entire D(h) spectra evaluated for the white noise sample of 16k length and for
the record of healthy human heartbeat intervals of equal length. We used the band width of e = £0.01.
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Figure 5: The multifractal spectrum calculated directly from the scaling of the histogram of the Holder
exponent on the maxima tree. Left for the white noise, right for the heartbeat intervals record. Band

width 0.01.

The width of the spectrum of white noise is non-zero, as is inevitable for the finite length sample;
still the heartbeat sample clearly shows considerably wider spectrum confirming the finding reported
in [18].

Due to the fact that it relies on selecting a very narrow band of exponents, this procedure is,
however, inherently sensitive to the choice of parameters such as the band width and the density of
sampling of the scale axis. While the latter equally affects the partition function method, it does not
pose any serious limitation since it can be increased at will, only adding to computation costs. In the
case of the band width ¢, only inherent to the direct method, we would, however, need to be ensured
of some elementary degree of stability. The experiments indicate that the spectrum obtained remains
stable for a wide choice of ¢ without loss of quality. An example is shown in figure 6 where spectra
are calculated with € = 0.02, ¢ = 0.01, ¢ = 0.005.
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Figure 6: Left: The direct multifractal spectrum of the fBm sample of H=0.6 is not corrupted by the
‘outliers’ - the end of the sample singularities. as is the standard partition function method included
for comparison. Right: The direct multifractal spectrum shows reasonable stability with respect to
varied band width e. Shown are overlapped cases € = 0.02, ¢ = 0.01, ¢ = 0.005.

At the cost of the slightly lower stability, we, however, obtain the advantages of the direct spectrum
calculation. The spectrum better captures local variations in the scaling of the A bands, where the
partition function method provides only rough, ‘outline’ information about the D(h) spectrum. In



particular, the partition function spectrum can be dramatically corrupted by outliers (e.g. the end of
the sample singularities, resulting from the linear trend present in the sample). The direct method
seems to be much less prone to such behaviour. An experimental verification of this is shown in figure 6.
Both types of spectra are calculated for the record of slightly correlated fBm of H=0.6. This sample
contains some effective linear trend in it which results in the ‘trivial’ end of the sample singularities.
The partition function method is inherently unable to distinguish these singularities resulting in a
wide spectrum which can easily be suspected to be of multifractal origin. To the contrary the direct
spectrum quickly falls off for the singularities lower than H = 0.6.

4.8 Direct spectra from the (bands of) the Effective Holder Exponent on the entire CWT

We have already mentioned that the procedure of direct estimation of D(h) is inherently instable due
to selecting a very narrow band of exponents, and thus a small subset of the maxima lines per scale
level. This is the reason why it provides considerably less stable scaling estimates than the partition
function method which is actually at the other extreme, taking all the maxima as the support for the
measure of which the moments are calculated.
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Figure 7: Left: The multifractal spectrum calculated directly from the scaling of the ¢ band of the
Holder exponent on the entire CWT as compared to the same on the WTMM tree only. While the
left part of the spectrum shows similar behaviour, the right part related to smooth behaviour departs
largely from the WTMM case, possibly capturing some missing information. Right: CWT direct
spectra show very good stability with respect to varied band width e. Shown are overlapped cases
€ =0.03, e = 0.015, € = 0.006, ¢ = 0.003. Note the smaller h range used.

It seems possible to take a middle path in order to calculate more stable scaling estimates of the
D(h) in the direct way from the scaling of ‘selected” maxima parts. This can be done by weighted
selection, replacing the histogram box centred at h and of € width, with a smooth, say Gaussian, kernel
of € standard deviation, centred at h. We have attempted this in a slightly different way, making use
of the redundant information contained in the original CWT (as opposed to the WTMM used thus
far). The comparison of the direct spectra obtained with both WTMM and the CWT suggest that the
CWT may contain some information lacking in the WTMM, this is especially evident in the smooth
part of the spectrum. Indeed, the maxima lines primarily restrict the representation to strongest
cusp singularities, potentially leaving out the intermediate, relatively smoother behaviour. The CWT
direct spectra show excellent stability with respect to the ¢ band width variation. In figure 7, we went
down to spectacular € = 0.003 resolution and observed the main body of the spectrum conserved with
only the background noise slowly increasing.

5. CONCLUSIONS

We have presented a method of direct multifractal spectrum calculation from the scaling of the € bands
of the local effective Holder exponent. The method makes use of the local effective Holder exponent
estimates motivated by the multiplicative cascade paradigm, and implemented on the hierarchy of



the wavelet transform modulus maxima tree(WTMM) or directly on the CWT. The spectra obtained
largely inherit the robustness and stability of the local exponent estimate, and provide direct access
to scaling information superior to that of the standard partition function method. In particular the
direct CWT based estimates show exceptional stability with respect to the selected band width €
and may also provide additional information to that captured in the WTMM based spectra. Both
the WTMM and CWT based direct method of histograming the local effective Holder exponent may
prove to be an interesting alternative in multifractal spectra calculation.
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