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Fig. 1 Waveform comparison of soft and hard thresholds. (a) Waveform processing result under soft threshold;

(b) waveform processing result under hard threshold
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Table 1 Parameter characteristics of commonly used wavelet basis function name
) Short ) Compact Support Filters Vanishing
Family Orthogonal Biorthogonal ) Symmetry
name support width length moment
Haar haar Yes Yes Yes 1 2 Symmetry 1
Dmeyer dmey Yes Yes Yes — — Symmetry —
Fejer-korovkin  fk Yes — Yes — — — —
) Asymmetry
Daubechies db Yes Yes Yes 2n—1 2n N
(except dbl)
Approximately
Symlets sym Yes Yes Yes 2n—1 2n N
symmetry
) ) Approximately
Coiflets coif Yes Yes Yes 6n—1 6n 2N
symmetry
Decompose: 2n,+1
Biorthogonal  bior No Yes Yes max(2n,, 2")+2  Symmetry N,
Reconstruct: 2ny+1
Decompose: 2N, +1
Reversebior  rbio No Yes Yes max(2N,, 2")+2  Symmetry Ny

Reconstruct: 2N, +1
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Table 2 Order of wavelet basis functions used in this paper

Short name Specific order Number
haar haar 1
dmey dmey 1

fk fka, fk6, fk8, fk14, fk18, k22 6
db dbl, db2, db3, db4, db5, db6, db7, db8, db9, dbl0 10
sym syml, sym2, sym3, sym4, symb5, sym6, sym7, sym8 8
coif coifl, coif2, coif3, coifd, coif5 5
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Table 3 Combination of ten optimal control parameters
No. TPTR SORH SCAL NBD WNAME SNR /dB
1 Rigrsure h sln 3 rbio3. 3 34. 00
2 Rigrsure h sln 3 db4 42.56
3 Rigrsure h sln 3 bior2. 6 39. 38
4 Rigrsure h sln 3 bior2. 4 43.90
5 Rigrsure h sln 3 bior2. 4 40.99
6 Rigrsure sln 3 rbio5. 5 48. 40
7 Rigrsure sln 3 sym2 43. 65
8 Rigrsure h sln 3 bior3. 9 39. 45
9 Rigrsure h sln 3 db4 33.23
10 Rigrsure h sln 3 bior6. 8 38.42
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Table 4 Quantitative evaluation of noise reduction effect of each filtering method

SNR /dB PSNR MSE MAE

o PGF GF WF PGF GF WF PGF GF WF PGF GF WF

1 6.70 12.55 34.00 26.83 31.26 52.01 0.84X10 * 0.51X10 * 0.46X10 * 0.38X10 * 0.51X10 * 0.32X10 *
2 4,13 15.19 42.56 27.30 36.47 63.10 3.62X10 7 1.26X10"% 0.59X10"% 0.52X10"% 0.90X10"* 0.41X10"°
3 4.92 16.54 39.38 28.11 37.56 59.76 4.64X10 * 1.56X10 * 1.21X10 % 0.61X10° % 1.15X10 % 0.85X 10 °
4 8.39 18.59 43.90 27.61 37.04 61.86 5.86X10 * 1.98X10 * 1.14X10 % 0.76X10 % 1.39X10 * 0.73X 10’
5 7.89 19.16 40.99 28.00 38.27 59.68 4.59X10 7 1.41X107% 1.20X10"* 0.76X10"* 1.59X10°* 0.82X10°
6 12.29 18.65 48.40 28.42 34.26 63.63 5,48>X10 % 2,80X10 % 0.95X10 * 1.12X10 * 1.85X10 * 0.64>x10"°
7 13.63 18.42 43.65 31.42 35.87 60.63 3.84X 10 ° 2.31X10°* 1.33X10° % 0.91X107* 1.40X10°* 0.94X 10"
8 3.93 14.48 39.45 27.62 35.86 60.07 2.27X10" % 0.88X 10 % 0.54X 107 0.43X 107 % 0.73X10°* 0.32X10""
9 7.48 13.88 33.23 27.77 33.32 52.08 0.89X10 * 0.47X10 % 0.54X10 * 0.33X10 * 0.49X10 * 0.36Xx10"°
10 8.05 18.41 38.42 27.49 36.86 56.50 3.18X 10 ° 1.08X 10" % 1.12X 10 ° 0.52X10°* 0.94X10"* 0.82X 10"’
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Table 5 Altimetry results of seven decomposition methods

Elevation /m

o Measured By GLAH14 By GD-OE By GD-OE and WF By EPE By EPE and WF By EPC By EPC and WF
1 9.20 7.64 8. 25 7.80 8.25 7.80 7.67 7.71
2 80. 70 78. 84 6.90 31.05 82.05 82.05 80. 70 80. 70
3 80. 50 0. 00 0. 60 4.05 81.45 81.45 81.39 81.47
4 80. 90 3.91 8. 10 22.80 79.50 78.90 78.90 79.21
5 19. 30 6.38 4.35 7.50 3.45 4. 35 18. 65 19.05
6 18.70 20.01 20. 10 20. 85 20. 10 19.95 20. 06 20. 24
7 18. 60 17. 26 18. 60 18. 00 18. 60 18. 00 18. 60 18. 60
8 18. 60 17. 84 0. 00 0.00 18.30 18. 00 17.85 18.10
9 19.00 0. 00 19.05 18. 60 18.90 21.60 18.53 18.46
10 12.90 12. 30 13. 20 13.05 15.15 15.15 12. 36 12.45

Mean  35. 84 16. 42 9.92 14. 37 34.58 34.73 35. 47 35. 60

MSE — 35.98 42.07 29.00 5. 14 5. 10 1.02 0.98
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Abstract

Objective  For some complex urban scenes under laser echo, the corresponding full-waveform echo data is
inevitably mixed with various noises, which affects the extraction of effective signals. Traditional Gaussian noise
reduction algorithms struggle to meet the filtering requirements of both effective and noise signals. In recent years,
there has been a greater focus on the filtering effect of wavelet noise reduction, which is affected by several
parameters. Therefore, in this paper, a parameter optimization wavelet noise reduction algorithm is proposed to
improve the filtering effect of full-waveform data.

Methods The parameter selection of wavelet denoising is the central issue of this research. This paper employs
one-dimensional wavelet denoising function (WDEN) in MATLAB to select the threshold selection criterion (TPTR),
threshold usage method (SORH), threshold processing with noise change parameter (SCAL), decomposition layer
(NBD), and wavelet basis function name (WNAME) five control parameters for filtering, calculates the filtering
results under each parameter combination, and compares to obtain the wavelet optimal combination of control
parameters. The specific steps of the parameter optimization wavelet denoising algorithm and its verification process
are as follows:

1) Set five input parameter types ( TPTR, SORH, SCAL, NBD, WNAME) according to the waveform
characteristics, and reconstruct the echo waveform by referring to the wavelet formula (Eqs. 1~7) and the one-
dimensional noise reduction function.

2) Taking the maximization of signal-to-noise ratio as the optimization goal, extract the corresponding best
parameter combination of each verification waveform.

3) In the final verification, analyze the obtained experimental results according to the evaluation index of noise
reduction effect.

Results and Discussions Table 3 is the optimal control parameter combination of ten waveforms, which is
determined according to the maximum signal-to-noise ratio in each waveform parameter combination. The trend of
these parameters is clearly visible in this table, which shows that, with the exception of the wavelet basis, the other
four parameters outside the function are exactly the same. Table 4 compares the filtering effects of Gaussian, block
Gaussian, and wavelet filtering under different indicators. The filtering effect in descending order is that of wavelet
filtering, Gaussian filtering and block Gaussian filtering. Specific to each indicator of each waveform, wavelet
filtering is far superior to the other two methods. The signal-to-noise ratio and peak signal-to-noise ratio of wavelet
filtering are generally higher than the other two methods by 25 dB—35 dB, and its root mean square error and
average absolute error are an order of magnitude lower. In the second-to-last row of Table 5, the average value of
the ten verification waveforms is 35. 84 m. The average values of the even-odd inflection point Gaussian
decomposition method and the GLAH14 data file algorithm are 9.92 m and 16.42 m, respectively. They are not
particularly accurate in comparison. The effective inflection point of the weak signal cannot be identified in the
implementation of the even-odd inflection point Gaussian decomposition method in the urban feature scene, as shown
in Fig. 7. If you want to be more precise, you must consider other methods based on the problems listed above. This
article presents a component information correction method based on this, that is, a method of correcting the center
position information based on the extracted Gaussian component information. The average elevation using this
method is 35.47 m, which is very close to the measured average elevation of 35.84 m, and the root mean square
error is only 1.02, which meets the requirements for accurate measurement of ground features, as shown in the last
two columns of Table 5. The height measurement results of only the wavelet filtering under parameter optimization
and the other operation unchanged methods are shown in the 5th, 7th, and 9th columns of the table. The average
value of the height measurement results of the inflection point decomposition method is therefore increased from
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9.92 m to 14.37 m, the root mean square error has also been reduced from 42.07 to 29.00, and the effective peak
decomposition algorithm and correction algorithm therefore have limited improvements.

Conclusions In summary, the wavelet noise reduction algorithm under parameter optimization can extract the
appropriate combination of many control parameters, and achieve an extremely excellent filtering effect compared to
the traditional method. Data with better filtering effects can improve measurement results under less accurate
methods in subsequent verification, but help for more accurate measurement methods is limited. Wavelet filtering
has an effect on full-waveform data height measurement. It has a positive effect, but the focus of height
measurement research should be on improving the decomposition method and adjusting the threshold control
parameters in the algorithm.

Key words remote sensing; laser altimetry satellite; full-waveform; ICESat/GLAS; wavelet denoising
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