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Abstract: We present the results of what we believe is the first apjpdicat
of wavelet analysis to the compression of complex-valugdaliholograms
of three-dimensional real-world objects. We achieve casgion through
thresholding and quantization of the wavelet coefficiefitdlowed by
lossless encoding of the quantized data.
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1. Introduction

Holography is an established technique for recording awmdnstructing real-world three-
dimensional (3D) objects. Digital holography [1, 2, 3, 4657, 8] has recently become feasible
due to advances in megapixel CCD sensors with high spasaluton and dynamic range. A
technique known as phase-shift interferometry [3, 6] waslus create our in-line digital holo-
grams [9, 10], which are in an appropriate form for procegsind transmission. It has been
proposed [11] to stream digital holograms over a networketoegate a form of 3D video [12].
To reconstruct a particular view of the 3D object [14, 15],aqpropriate region of pixels is
extracted from the hologram and numerical propagation [4)] 6s applied. A real-time re-
construction technique using inexpensive components lsasbaen demonstrated [13]. Their
large storage requirements mean that to facilitate efficgtmage and transmission appropriate
compression techniques must be developed.

Lossless image compression techniques, such as BurrowsigvHa6] (BW), perform
poorly when applied to holograms due to the inherent spexiitent that gives the holograms
a white-noise appearance [11]. Holographic speckle iscdiffto remove directly as it actually
contains 3D information. Therefore, lossy compressiommseessential. Phase quantization
has been applied to holographic data in the past [17]. Wendxpeevious research on quan-
tization compression of holographic data [11, 18, 19, 20Q,l¥1transforming our data to the
wavelet domain prior to quantization, and further applhsless compression to the quantized
coefficients. Wavelets have already been used to descridsaélrpropagation of (for example)
digital holograms [25, 26, 27, 28].

2. Digital hologram compression

Five 3D objects were used in our experiments. Their digitdbframs contain 2028 2044
pixels, with each pixel composed of an 8 byte real value an8 layte imaginary value. For
practical reasons, we analyzed a single 1024924 pixel window of each hologram. Uniform
quantization is defined for an individual pixdl(x,y) as

H (x,y) = round{H(x,y) x o tx [2<b*1> - 1] } 1)
and is applied to eache [1,Ny],y € [1,Ny], where
o = max{|min[im(H)][,imax[Im(H)][,|min[Re(H)]|,|max[Re(H)]|}. 2
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Here, N, andNy are the number of samples in tkendy directions, respectively represents
the number of bits per real and imaginary value, fApreturns the maximum scalar in its ar-
gument(s), and rourid) is defined ag a + 0.5]. All real and imaginary values will then be
integers in the rang[*—:~2<b‘l> +1,20-1) _ 1]. After decompression and prior to object recon-
struction, each value is rescaled, by dividing 82 — 1, to the[—1, 1] interval.

In our compression experiments, a digital hologtdrs compressed and then decompressed
asH’, and an objedt)’ reconstructed by numerical propagation. The quality otthrapressed
reconstruction is measured using normalized rms (NRM$3rifice, calculated from

Nx—1Ny—1 , ) Ny—1Ny—1 ) -171/2
D= LZO nZO {JU(m,n)| = |U"(m,n)| }* x (n;o nZO |U (m,n)| > ] ; (3)

where (m,n) are discrete spatial coordinates in the reconstructionepltn order to reduce
the effects of speckle noise, only amplitude in the recoicsibn plane is considered and a
5 x 5 pixel mean filtering operation is applied prior to calcidatof NRMS difference.

3. Wavelets

The continuous wavelet transform of a functibfx) is defined as

olt.d) = [ 100U a0, @

wherex denotes complex conjugation and the variablasdd denote translation and dilation
factors, respectively. The basis functions, or wavelgts,(x) are generated from the mother
wavelety(x), a non-zero function in some small interval that explorespugh a convolution
as shown, the properties of the input data in that intervaic#ling function is used to generate
dilated and translated versions of the mother wavelet, as in

Yra(x) =d @[(x—t)/d] (5)

whered~%° ensures energy normalization across different dilations.

The discrete wavelet transform [22] (DWT) has been appliefields such as signal pro-
cessing [23] and image compression [24], and has been fauedfitiently represent data
exhibiting sharp changes or discontinuities. The basicgss involves applying averaging and
differencing operations to the input data and retaining approximation and detail coeffi-
cients, respectively, at each resolution level (a stepenDWVT). The simplest wavelet func-
tion, Haar, calculates (in our case) its complex-valued@pmations for resolution level as
al = [ay ' + &} 4]/V2 and details ab[ = (a5 * — &} }]/Vv'2, where is a pixel index.

4. Waveletsapplied to digital holograms

Wavelets have been adapted for the compression of multidiioeal data [29] and SAR image
data [30], which has similar properties to our data. We medifilatlab’s wavelet toolbox in
order to apply the DWT to our complex-valued data. Also, sitheeneighboring pixels in our
holograms exhibit no correlation, we chose to employ the YDIDWe used 53 discrete mother
wavelets, with 1, 3, 10 and 20 resolution levels. Figure Wshdramatically changing values
in the approximation and detail coefficients for20 resolution levels with the Haar wavelet
in holograms of two 3D objects (a die and a bolt). If all coedfitts are considered together for
clustering, then resolution levels with a narrow range @fficient values would be quantized
with a smaller number of clusters compared to levels withomter range of coefficient values.
Hence there is a need to quantize each level independeratyinompression algorithm.
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Fig. 1. Vertical bars illustrating minimum and maximum values at each Ié\agmroxima-
tion for 20 resolution levels using the Haar wavelet for (a) die and (b) aott,each level
of detail for (c) die and (d) bolt. x-axis: resolution level, y-axis: valteach level.
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Fig. 2. NRMS error of the reconstructed object plotted against corsipresatio for the
die object for wavelet levels 1, 3, 10 and 20 for (a) bior3.7, (b) Harad (c) db4.
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Fig. 4. Reconstructions of the die and bolt objects, respectively, wifd{&) bits, (b),(e) 3
bits, and (c),(f) 4 bits uniform quantization of the Haar wavelet coefiisie
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Our approach was to uniformly quantize the wavelet coefiisieapply BW to the concate-
nation of the real and imaginary streams (previously foune the best lossless approach for
our data [11]), measure the compression ratio, apply thergg/DWT, reconstruct the on-axis
view of the 3D object, and calculate NRMS error. The perfarogeof each mother wavelet ap-
peared to depend on the number of resolution levels, the auailguantization bits, and on the
hologram. Of the 53 wavelets initially evaluated, we chosemesentative set of 7 (bior3.7,
coif5, db4, dmey, Haar, rbio3.7 and sym5) for systematidyaig For clarity, only selected
results are shown. Figure 2 shows NRMS error plotted agamsipression ratio for the die
hologram. In a comparison of these 7 wavelet functions luésa level 3 was deemed to have
performed best (lowest NRMS error with the highest compoesstio for a particular number
of bits of quantization) over all 5 holograms. Figure 3 shoesresults at this resolution level
for two holograms. The improved performance of the waveletfions over uniform quantiza-
tion in the hologram domain is apparent. Figure 4 shows r&coctions of a 1024 1024 pixel
window of two holograms with quantized Haar wavelet coediits, with 3 resolution levels.

5. Combined thresholding and quantization

We introduced a thresholding technique to improve perfaigeawhich sets to zero all complex
wavelet coefficients that have a real or imaginary valueetlts zero than our threshold, prior
to quantization (see Fig. 5). Resolution levels 1, 3, 10 @h&@&d threshold values in the range
[0.05+0.05i : 1+i] with increments of 0.05 in either dimemsj were evaluated. Over the afore-
mentioned seven mother wavelets, and over all five digiteddrams, and for quantization of
2—6 bits, 3 resolution levels was found again to achieve onaaeethe best performance. Fig-
ure 6 shows the compression performance at 3 resolutiots|ate?,3, and 4 bits quantization,
and for several different thresholds. These plots showttteaamount of quantization largely
dictates the compression ratio (the distinct clusters émhenumber of bits) and the different
threshold levels perform more of a fine tuning task. The lefithpoint on each curve is due
to quantization alone (threshold @f0+0i), and each additional point on the curve represents
increased thresholding. The slope of each curve definedftnt ef thresholding. It can be seen
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that thresholding achieves improvements in compressttmfra little or no increase in NRMS
error. The three clusters in Fig. 6(a) were replotted on rsgpascales for Fig. 7. We note the
surprising observation that most mother wavelets perfasmparably for each hologram, and
that no single mother wavelet consistently outperformssthers for all quantizations.

6. Conclusion

We investigated the use of the DWT for the compression of @iffiblograms of 3D objects.
Of 53 wavelet functions initially tested, we chose a repnésteve sample of seven. A range
of resolution levels were examined and it was found that 8leperformed best on average
with our holographic data. The coefficients at each leveleathil as well as the approxima-
tion coefficients were rescaled independently, due to thersie range of values we observed
in each level, and we applied uniform quantization to theaksl wavelet coefficients prior
to lossless encoding. Thresholding was shown to have thigyabiincrease compression ra-
tios with little increase in reconstruction error. Althdug was expected that several factors
would affect compression performance (choice of mothereleychoice of hologram, num-
ber of resolution levels, number of bits of quantizatioh)yas surprising that no one wavelet
function outperformed all others in the study. Although énnts of compression ratio alone,
wavelet quantization and uniform quantization are comparaan analysis of the combined
compression ratio and NRMS error shows wavelet quantizatidoe superior.
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