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ABSTRACT

The iterative filter using the Gaussian smoothing method is employed to decompose and repair a
tide data string composed of many tidal wave components. Since the iterative filter can ignore the
effect of missing data to certain extent, the tidal wave components can be successively decomposed.
However, because the employed wave decomposition method cannot decompose a composite wave
found by two wave components whose frequencies close to each other, three beats are found. For
those wave components whose wavelengths are larger than 2 times the drop-out period, the
missing data can be satisfactorily achieved by merely applying the filter. For a longer period of
missing data, an iterative technique is developed to repair the data. The tide data of the Houbihu
harbor in Pin-Tong at south Taiwan in the period of Jan. 1 through Dec. 31/2001 is employed to
demonstrate the procedure of wave decomposition and data repairing.
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INTRODUCTION

Because of the rapid development of
computer technique, people can collect many
data string ssmultaneously now. In near future,
the nano technology will further increase the
number of data string exponentially. Today,
before analyze a data string, people often
classify, validate, and edit the data which
exclude unavailable part, arrange the available
part. For example, in Ref.[1], six types of
random data anomalies are listed and are
recommended to exclude them manualy.
However, as the number of data string increases
to a certain level, it is impossible to do such a
data qualification manually again. Therefore,
the automatically data qualification procedure
becomes more and more important and urgent.

In this study, the procedure of repairing the
data drop-outs, which is one of the data

anomalies, is examined. It is believed that,
during the procedure, one can learn how to
accumulate necessary fundamental insights of
the automatic data qualification.

The other important issue of data analysis is
how to decompose a composite wave which
may or may not involving data drop outs. Since
every components of the composite wave may
change from time to time and involves data
anomaly, we can not directly employ classical
analyzing method. To the authors’' knowledge,
the iterative filtering method of Ref.[2-4] has
the potential to treat this complicate issue.
Therefore, this study employs it as a tool to do
the data repairing.

For a data string without serious data
anomaly, there are two available methods
proposed to decompose a time-series data
string consist of many waves with different and
variable wavelengths: the matrix pencil method
[5,6] and empirick mode decomposition
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methods of Hwang et a.[7,8]. The former
method is successively applied in the
electro-magnetic wave problem and the latter is
widely used in the surface wave problems.
Unfortunately, the matrix pencil method is a
zero-th order method which can not take care
of the problem with rapidly varying amplitude,
frequency, and phase angle. The latter method
may or may not suffer by the artificia
numerical addition introduced by the cubic
spline interpolation. Although the employed
iterative filtering method has the limitation that
the data string should contain a finite frequency
gap around the cut-off frequency, the method
has the property of Fourier serious expansion
on an unstructured mesh system and can be
treated as a semi-analytic method. In other
words, it has the intrinsic property that a data
drop out may be ignored by the method in some
independent spectral range so that it can repair
the isolated data drop as will be shown in the
following content.

Tides around Taiwan result from shoaling
effects of tidal constituents in the Pacific Ocean
propagated westward to the continental shelf.
According to the harmonic analyses of tide data
at Houbihu harbor in southern coast of Taiwan,
the Luni-solar Diurnal (K1) and the Principle
Solar Diurnal (O1) are the largest diurnal tidal
components, and the Principle Lunar (M2), the
Principle Solar (S2), the Larger Lunar Elliptic
(N2) and the Luni-solar Semidiurnal (K2) are
the largest semidiurnal tidal components.
Besides, the monthly, fortnightly, annual,
semiannual and the long-term (18.61 years)
variations of water level are aso included.

ANALYSIS

Iterative Filter

Consider a set of data (x,y,),i=0, 12..,n
to be approximated by a polynomial. The
Gaussian smoothing method employs a
zero-degree approximation to minimize the
following error measure function,

|k = ZEXp[_ (XJZ_G)Z(k)

Where the point k may or may not be belong
to points of j=0,1..,n. The resulting smoothing
becomes the following form,
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This formula can be applied to an irregular
point distribution. Assume that a data string y
defined on uniform spacing x =iax , it is
expanded in form of

y:Zyj(ﬂ'j)v (©)
j=1

where y,(1,)’s are wave components consist of
sine or cosine functions. After employing the
Gaussian smoothing method, the resulting data
string can be written in the following form:

3. = S() = Sy, () = X8y, (4,)
R @

:Za(o-//lj)yj(/lj)

where s(y) denotes the linear smoothing
operator, a(s/4,,0) IS the attenuation factor
reflecting the effect of s upon the j-th wave.
In Ref.[2], it is shown that

0<a(c/A)<1 (5)
where
a(o/4)~exp| 210147 |<1 Vo >0, (6)

In Ref.[2], the first smoothed waveform of the
data string isdenoted as y, and the residual
waveform, vy, ,is:

Vo= y-Yi=Y[1-ac/ )]y, (4,) - (7)

The same smoothing can be applied to the first
residual waveform again to obtain the second
smoothed waveform,

Y, =S(y-v) = Y[1-a(o/2)ale!4)y,(4,) , (8)
and the second residual wave,
Yo=YV, = Y[1-a(c/ )Py, (4) 9)

This procedure can be applied up to the m-th
cycle and the resdual and accumulated
smoothed waves of the m-th timesyield:

Y= [1-a(c/ )1y, (4,) (10)

4

V(M) =Y+ Y, +ot Vo = 2 {1-[1-ala )"}y, (4]))

4

respectively.
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Assume that a data string composed of two
wave zones separated by a finiteai=4,-4,,
where 44 is the shortest wavelength of the
high frequency part and 4., is the longest
wavelength of the low frequency part. From
Egs.(3) and (6), the following equations can be
constructed

27°6%
——]" =0.001

g (11)
279 4 m _0.999

2
c2

b(o/ A, m) =1—[1—exp{—

b(c/ Ay, m) =1 [1- exp{—

After solving these equations, one can get the
necessary iteration number m and smoothing
factor o . For the sake of clarity, the iterative
procedureislisted below [2].

1. Smooth the original datato get the first
smoothed and high frequency parts using the
Gaussian smoothing with the given o .

2. Smooth the high frequency part to obtain the
second smoothed and high frequency part.

3. Repeat the same procedurefor m times.

4. Thefina high frequency part is the desired
high frequency part and the difference
between the original data and final high
frequency part is the desired smoothed part.

This iterative filter has a limitation that the
frequency gap should be finite and large
enough. In other words, for those component
waves whose wave lengths close to each other,
the beat wave will be obtained. Fortunately, this
beat can be further analyzed by checking its
spectrum. In this study, the smple procedure of
generating spectrum introduced in Ref.[10] is
employed.

Data Repairing

Note that the given factor o in the
iterative procedure should be properly given to
achieve a suitable filtering job and can be fixed
to a certain vaue by iteration. If the data
drop-outs are at isolated points or only but a
few continuous points, the iteration can be done
automatically.

For those missing data running over along
period, the following simple strategy is
proposed. Although the iterative filter can give
asolution for such a data drop-outs, the missing
data will inevitably introduce certain error
within a region whose length is approximately
equal to V2o (or one wavelength) around the
missing points. Beyond the region, the resulting
wave component data is nearly not influenced.
Consider the data drop-outs of a beat wave
shown in Fig.1. Basing on the above mentioned
fact, most data remote from the missing point

can be employed to be a reference data string.
Around the data drop-out region, the upper and
lower envelopes are constructed by connecting
the local maximum and minimum points via the
following monotonic cubic spline interpolation
[9,10], respectively.

Y(X) =y (x=%)° +C,(X— %) + ¢ (X— X) + G,

G=Y.C =Y, sﬂ/z:%’;::i
¢, = 3802 =2Y; — yiv+l’ ¢ = Y+ Vi = 2.0

()g+l - X)Z
Y, =S MIn|pLy2(X) + Pz (X)) max(K]s| ]t

)g+l_)g

pl‘*l/Z()g) =St difl/z(x - )gfl)'
p|l+1/2()§) =St di+1/2()§ - )§+1)
t,=minmod[p._,,(X), Pl.u2(X)] (12)

di+1/2 = miand(di 'di+1)! di = S/ ~ Sz ’
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yi"1 yi”+l =0, if Vi _2yi + yi—1| <¢€
or |Y..-2y.,+Y|<e

Next, these envelopes are employed to scale up
the wave data outside the drop-out region and
the scaled data is shown as thin line whose
amplitude is almost constant. Third, as shown
in Fig.2, a segment of scaled wave data within
the range marked by two arrows is shift to the
drop-out region and is shown as dotted line.
Fourth, the shift datais scaled back as shown in
Fig.3. Fifth, in the drop-out region, this shifted
data is chosen as the repaired data component.
Note that the original wave component is
different from the repaired one outside the
drop-out region because the original one is
serioudly affected by the missing data.

The same procedure is applied to all wave
components except the highest frequency part
which is referred as noise. For those wave
components with long enough wave length, the
short period data drop-out region is
automatically repaired and need not to treat it.
Finally, the repaired data of al wave
components are summed up to replace the data
drop-out points. However, as the above
mentioned discussion about Fig.3, the repaired
data may or may not consist with the existing
data. Therefore, the above procedure should be
repeatedly applied until the slopes at all end
points of every drop-out region are smooth.

RESULTSAND DISCUSSIONS
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The tide data of the Houbihu harbor in
Pin-Tong at south Taiwan in the period of Jan.1
through Dec. 31/2001 is employed to illustrate
the proposed repairing procedure. The data is
the water level in milli-meter recorded at every
hour. It contains many isolated data drop-out
points, a three-hour missing period, a one day
drop-out, and a two day drop-out region. The
Original data and the result of employing
o =90and 30 are shown in Fig.4. At the missing
point, the original data takes a zero value. It
seems that the first two long waves are not
affected by the data drop-outs. These two
waves are principaly generated by the
variation of the northern Pacific Ocean current
heading the Taiwan Strait that is modulated by
the location of sun heating. The result of
employing -=105 is shown in Fig.5, and
o=3 Iin Fig.6. For these waves generated
by ->3, the isolated, short period, and long
period data missing are al automatically
repaired. It seems that, for those waves
decoupled with a o larger than the drop-out
period (or wave length larger than 2 times the
period), the iterative filter can automatically
repair the data. The resulting long wave of
employing o=1 is shown in Fig.7 and some
portion of those long waves employing o =04,
0.25,0.125and the final high frequency part are
shown in Fig.8. The last three long waves are
beats composed of two single waves whose
frequency close to each other. For these high
frequency waves, except the fina high
frequency part which is considered as the noise,
the isolated and short period data are
automatically repaired. Fig.9ais one part of the
repaired data. For the long period data drop-out,
two repairing procedures are employed twice
and the results are shown in Fig.10a and 10b,
respectively. Although there is not answer how
the correct data is, it seems that the result of the
second cycle captures the trend of neighboring
data and is better than that of the first cycle.

In order to inspect the detaill of these
pseudo-sinusoidal wave components except the
non-sinusoidal part decoupled bys=9, their
spectrums evaluated by the method of ref.[10]
are shown below. Note that the non-sinusoidal
part aways generates an exponentialy
decreasing low frequency part and is not easy
be understood in the spectrum domain. All the
pseudo-sinusoidal waves are carefully cut to be
zero at two ends via the linear interpolation
without modifying the data. Consequently, all
the undesired low frequency part is eliminated.

Figure 11 shows the spectrum of the wave
decoupled by &=301053104,0.25 and 0.125 ,
respectively. In Fig.1la, the wide dominate
band shows that the wavelength is not
constantly over the computed range. The first
peak (amplitude is about 11 mm and wave
length is about 26.92 days) of Fig.11b isrelated
to the MM and MSM tidal components (the
amplitudes are 86 and 10.1 mm and
wavelengths are 27.554 and 31.82 days,
estimated by the harmonic analysis in the range
of 2002/08/01 through 2004/07/31) but has
certain error. However, spectrums shown in
Figs.1lc through 1le, there is no obviously
dominant frequency. It seems that this harbor’s
long wavelength tide is seriously influenced by
the northern Pacific Ocean current and
complicated weather so that al the other long
wavel ength tide cannot be seen.

In Fig.11f, which is corresponding to the
beat of Fig.8 decoupled by o =0.4, there are two
dominant frequencies (23.768 hrs for the larger
peak and 25.596 through 25.845 hrs for the
smaller peak) and close to the K1 (215.2mm
and 23.934 hrs) and O1 (199mm and 25.819
hrs) tidal components with errors induced by
insufficiently fine data resolution. As to the
amplitude estimation, the estimated peaks are
70 and 52 mm (the maximum amplitude
indicated in Fig.8 is about 600 mm which are a
weighted sum of every modes) which are
different from that estimated by the harmonic
analysis shown before. A careful inspection
upon Fig.11f reveals that both peaks are not
simple impulse which reflects amplitudes
change sowly and wavelengths may be not of
constant values. The O1 further indicates that it
Is a beat formed by two wave components. The
authors believe these are the reason of
difference of amplitude estimation between the
present method and harmonic analysis.

Figure 11g shows the semidiurnal wave beat
(the amplitude and wavelength of the larger
peak are 111mm and 12.425 hrs, respectively,
and that of the smaller peak are 39 mm and
11.960 hrs). The related waves estimated by the
harmonic analysis are M2 (259.9mm and
12.420 days), S2 (115.5mm and 12 hrs), K2
(30.5 mm and11.967 hrs), and N2 (53.9 mm
and 12.568 hrs) tidal components with error
causing by insufficiently fine data resolution.
That shown in Fig.11h is the anther beat
formed by similar tidal components. The fact
that the beat of Fig.11h can be separated from
the beat of Fig.11g reflects that the former is a
more complicated combination than the latter
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and need a more robust decomposition method
to decouple them.

The above discusson shows that the
proposed data repairing procedure upon every
wave component separately can effectively
repair the data and capture the dominant tidal
components very well.

CONCLUSIONS

The iterative filtering procedure can
effectively decompose tidal wave components.
All the dominant tidal components are captured
in the form of beats. The proposed data
repairing method can also effectively recover
isolated data drop-outs. It seems that this
procedure can be applied to many other fields
provided that the beats can be further
decomposed into single wave components.
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heavy solid : wave to be repaired
dotted line : upper envelope
dashed line: lower envelope
1000 thin solid : scaled wave

Fig.1 The schematic diagram of data repairing. For the
central line: O denotes regular data, -50 is drop-out
point; dotted lines are upper and lower envelopes;
heavy lineisthe original decoupled wave; thin
solid line is the scaled wave.
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1500 300 sigma =0.1, 90, 30, 10,5, 3,1,0.4,0.6,0.25
1250 dotted line : upper envelope amof  fedisigma=3
dashed line: lower envelope
1000 thin solid : scaled wave
heavy dotted : referenced wave moved 200 =
750 from x1 to x2
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vi 180, 50 100 150 200 250 300 350
time
Fig.2 Wave data in the region marked by two arrows are
moved to the data drop-out region and is shown as Fig.6 The wave component decoupled by o =3.
dotted line.
300~ sigma = 0.1, 90, 30, 10,5, 3,1,0.4,0.6,0.25
1500 red: sigma =1
heavy solid: wave to be repaired
1250F dotted line : upper envelope
dashed line: lower envelope 200
heavy dotted : repaired wave
1000 thin solid: regular data = 0,

data failure =-50

bl

|
s e = * 100
time
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Fig.7 The wave component decoupled by o =1
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8

Fig.3 The shifted data string is scaled back as the dotted
line.

3000 sigma = 0.1, 90,30, 10,5, 8, 1, 04,06, 0.25 sigma = 0.1, 90, 30, 10, 5, 3, 1, 0.4, 0.25, 0.125

red : original wave .

green : after sigma = 90 long wave 2000 [~ red : after sigma = 0.4 long wave

: after sigma = 0.25 long wave
black : after sigma = 0.125 long wave
greeen: 0.125 short wave

blue : after sigma = 30 long wave L blue

]

S

]
T

high(mm)

)

Fig.4 The original dataand two decoupled waves. At the e

data drop-out point, the original data takes azero Fig.8 Four decoupled waves: long waves generated by
value. The wave decoupled by o =90is shown in o =0.4,0.25,0.125 and bottom wave is the final
heavy line around the middle region of the original high frequency part which is considered as the
data, the wave decoupled by o =30isat the noise.
bottom region.

300 sigma =0.1, 90, 30, 10, 5, 3, 1,0.4, 0.6, 0.25 [ dotted : original data, ing the i

20f greon® " aiter sigma =5 long wave mp TEmm—m—m——

1500

1000

Fig.8 Some part of the original and repaired data by just
applying the filter with o =0.075.

Fig.5 The wave components decoupled by o =10,5.
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1500 Wavelongth = 65.475 days
E avelengih - 81 844 days
1250F  Solid : the first cycle repaired data
E  dotted : the second cycle repaired data
1000F  long dashed lines : upper and lower envelopes

ampliude

1 1 J
115 120 125

Fig.9 Thefirst cycle and second cycle repaired data

coincide to each other. —_—
(10&) RS
2500 — W\ “‘J\/“J/\\“‘/ \
r Dashed line : original data
l dotted line : the first cycle repaired data L e
2000  solid line :the seonc cycle repaired data
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> I 400 Az'n"nde'm 40
1000
l i
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500 [ ': .; (11g) (11h)
: ! |
o | i Fig.11 Spectrum of the decoupled wave components: 9a
. 1 ! 1

Fig.10 The original, first cycle and second cycle
repaired data: (a) 1 day drop-out and (b) 2 days
dropout.



