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ABSTRACT

In this paper we investigate the suitability of Gabor Wavelets for an adaptive partial reconstruction of holograms
based on the viewer position. Matching Pursuit is used for a sparse light rays decomposition of holographic
patterns. At the decoding stage, sub-holograms are generated by selecting the diffracted rays corresponding to
a specific area of visualization. The use of sub-holograms has been suggested in the literature as an alternative
to full compression, by degrading a hologram with respect to the directional degrees of freedom. We present our
approach in a complete framework for color digital holograms compression and explain, in details, how it can
be efficiently exploited in the context of holographic Head-Mounted Displays. Among other aspects, encoding,
adaptive reconstruction and selective degradation are studied.

Keywords: Digital holography, Gabor wavelets, Compression, Matching Pursuit, Adaptive reconstruction

1. INTRODUCTION

Digital holography is considered as a very appealing technology for immersive visual applications and a promising
alternative to compete with (auto)-stereoscopic devices or sparsely distributed multiview.! Indeed, holography
has the ability to render exact continuous parallax and accommodation distance by providing all depth perception
cues without any eye-strain.? However, this technology has long been considered as immature for general public
applications because of the resolutions and pixel size needed for TV-like displays, that remain out of reach by
today’s LCD technology.

With the recent wide interest for Head-Mounted Displays (HMD) applied to Virtual or Augmented Reality
(VR or AR), holography could find a short term application context that perfectly suits both its advantages
and requirements: on the one hand holographic representation of real or virtual scenes is the ideal solution
to the uncomfortable experience provided by stereoscopic HMDs and caused by the accommodation / vergence
mismatch.? On the other hand, all that was a handicap so far, namely the small size of the displays and restricted
viewing angle do meet the requirements of miniaturization of HMDs and the necessity to restitute the perspective
for only one viewpoint.

For such application, the reconstructed hologram only depends on the position and orientation of the observer;
hence, from a representation point of view, it might be interesting to deal with data formats that are suited to
real-time adaptation of a global holographic scene into a specific reconstruction corresponding to the viewing
conditions at a given time. This would allow to reduce, significantly, the amount of information to reconstruct
and display, and possibly to transmit.

The seminal approach for such representation was proposed by SeeReal.* 7 In,” a holographic display proto-
type based on the adaptation to the viewing window of an observer is presented. The minimal relevant features
are gathered in partial reconstructions called sub-holograms. However, those are mostly pre-computed according
to clustered directional features. In order to allow precise view-dependent selection of data to reconstruct into
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the displayed hologram, the representation should be based on a concise extraction of the directional information
locally present in the hologram.

In this context, an approach that might be of interest but which is still relatively little studied is the expansion
of holograms in a basis of functions that may not guarantee optimal compression but instead are able to precisely
analyze the local frequencies of the hologram features.® Such decomposition has the advantage to provide a real-
time generation of sub-holograms based on the position and viewing direction of the observer.

Digital holograms typically contain a tremendous amount of data corresponding to a continuum of perspec-
tives with arbitrary depth. This large set of data is represented as 2D complex patterns since it carries amplitude
and phase information of the light wave scattered by the object across a 2D surface. Thus, the first trivial at-
tempts to compress holographic contents consisted in applying image compression methods.”'? Despite the
practical use and efficiency of such algorithms for image compression, they are still lacking high compression rate
for digital hologram coding. Therefore, it is not surprising that more elaborated techniques are needed,'® the
information being organized in a completely different way from semantically meaningful images: a hologram is
the superposition of very high frequency components, which have to be analyzed by specific tools. Among those,
several types of wavelets were proposed. In,'* ! a basis of Fresnelet wavelets is used by the authors to decom-
pose the complex wavefield. The obtained coefficients are then encoded using the Set Partitioning in Hierarchical
trees!® (SPIHT). Despite the significant compression gain achieved by this approach, the compression does not
consider the adaptive functionalities'” and depends on the reconstruction distance of the hologram. Recently,
the use of Gabor / Morlet wavelets was proposed to analyze and reconstruct sub-holograms in a view-dependent
context.®!® Although the theoretical aspects of this approach and its possible network implementation were
presented, no realistic visual evaluation nor significant compression results were reported. In our previous work,
we proposed a novel method for a sparse Gabor expansion of digital holograms based on Matching Pursuit.!?
The compression aspects of this approach were deeply studied with an objective and visual evaluation of the
reconstructed holograms. However, our study did not take into account the constraints related to the observer
conditions.

Accordingly, in this paper, we propose an extension of our previous approach in an adaptive view-dependent
context where a single viewer may have several points of view, for example in a AR application. Gabor wavelets
are used to model the light rays diffracted by hologram patterns. Matching Pursuit is applied for a sparse
representation of the wavelets coefficients. Then, the adaptive selection (AS) is performed based on the viewer’s
position and orientation. We establish the strategy of coefficient pruning, evaluate the visual degradation caused
by wavelet coefficients selectivity, and present the overall compression rates.

The rest of the article is structured as follows: in Section 2, the view-dependent setting is introduced and
linked to the properties of the retained wavelets in a user case. Then, in Section 3, the directional character of
Gabor wavelets and the pruning process is exposed for a real-time generation of sub-holograms. The process of
generating a sparse Gabor decomposition using Matching Pursuit as well as the overall compression consideration
are briefly presented in section 4. Experimental results are shown in Section 5 and compared to our previous
approach and the H.265 codec.

2. OVERVIEW

The basic idea consists in expanding the original hologram according to a set of analyzing wavelets whose
intrinsic properties match the way information is organized inside the patterns; hence this set of functions may
not be optimal in terms of compression, i.e. it may not lead to the sparsest representation when considering
the hologram in its entirety. However, to allow adaptive view-dependent reconstruction, it should provide a
convenient way to generate a sub-hologram corresponding to the viewer’s position.

Figure 1 shows the typical applicative setup for a networked implementation of our approach. First of all,
an overcomplete set with N coeflicients {¢,, }1<n<n is produced by decomposing the target hologram H through
a complex Gabor dictionary D. Then, a subset {cx}i1<p<k is obtained from the overcomplete set {c,} using
Matching Pursuit K-expansion, where K < N. This subset is computed offline and stored in the server. When
the user position is updated, the viewing parameters are computed using an eye-tracking system?’ and sent to
the server through a backchannel. Then, an adaptation module selects the subset {c;, }{<,, <, corresponding to
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Figure 1: User-case diagram of hologram adaptive transmission

the current point of view V' where M < K, from the available wavelet coefficients previously stored. The selected
coefficients are further quantized and efficiently encoded. Once the bitstream is generated, it is transmitted to
the client for decoding and the associated sub-hologram Hv is then retrieved. Finally, Hy is displayed on the
HMD using a Spatial Light Modulator (SLM).?! In order to prevent any lag, a larger viewing window can be
considered, so as to anticipate the observer movements that may have occurred between the request and the
reception of the coefficients.

The present study focuses on the generation of a suitable subset of wavelet coefficients which meets the
following requirements:

e Fast coefficients selection: the relation between the coefficients and the viewing parameters should be
straightforward to avoid intensive computations during visualization.

e Faithful sub-hologram reconstruction: the degradation induced by the selection of coefficients should not
significantly impact the image quality within the viewing window.

e Reasonable compression: although the reduction of the amount of transmitted data is sought from the
coefficients pruning, an efficient encoder is required to allow an online transmission. A measure of the
compressibility can be evaluated by the overall hologram compressed size.

e Reducing the impact of seeking the sparsest representation: choosing wavelets providing good tradeoff be-
tween space and frequency localization guarantees to identify the diffraction properties of the hologram, but
leads to a large choice of possible representations, some of which may not visually preserve the directional
information.

In the next section we exploit the anisotropic character of Gabor wavelets to extract the directional informa-
tion of diffracted light rays. We also explain the process of sub-holograms generation based on the directional
Gabor decomposition in a view-dependent context.
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Figure 2: Ray light diffraction in spherical coordinates

3. GABOR WAVELETS FOR REAL-TIME SUB-HOLOGRAMS GENERATION

To extract sub-holograms corresponding to the viewer’s position on the fly, one has to establish a formal relation
between the directional information of light diffracted by the hologram and the properties of the transform.

3.1 Duality between Gabor wavelets and light rays

The diffractive behavior of a hologram depends on the frequencies locally present in the considered pattern;
hence a hologram can be considered as the superimposition of infinitesimal diffraction gratings. The dependency
between the diffraction angle ¢ of a light ray and its corresponding spatial frequency f is given by the grating
equation??

_sin(¢)

where A is the wavelength of the diffracted light.

Let us consider a 2D frequency fo = (fz,, fy,) that is present at location Xo = (20, o) in the hologram,
where f,, and f,, denote the spatial frequencies in directions x and y, respectively. A light ray incident at Xg
is diffracted in the direction given by polar and azimuthal angles

(0o, d0) = (arctanQ(fzo,fyo),arcsin ()‘\/f%o + 30)) , (2)

as shown in Figure 2.

Aiming for an accurate light-ray decomposition of the hologram, it is thus necessary to have a good space / fre-
quency analysis, providing the best localization trade-off in both domains. Hence a better localization in space
will lead to better precision in finding X position, and a better frequency localization will narrow down the
angular uncertainty on the ray direction.
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Among various windowed basis functions, Gabor wavelets are known to provide the best possible localization
in both space and frequency.?® In their original 2D form these functions are the product of a complex sinusoid
and a Gaussian ,

Y(X) = 3 eXA (3)

where f = (f5, fy) is the 2D frequency of the sinusoid.

Then, for a given hologram h : R? — C, the Continuous Wavelet Transform associated to Gabor Wavelets is

defined as th’&t):% deXh(X)w@_g (Xs—t)> (4)

where t is the shift vector, R~% the rotation matrix and s > 0 the frequency dilation parameter.

Accordingly, the relation between a light ray (Xo, 6o, ¢o) diffracted by a hologram and a Gabor wavelet with
parameters (6, s, t) is given by the following equivalence

Xg=t
O =10

¢p = arcsin <)\f) .
s

Inversely, the original hologram h can be recovered by the inverse transform

h(X) = /OOO /:Tr " Wh(0,s,t)y (R—(’ (X;t» dsdfdt. (6)

In fact, the set {19 ¢} with continuously varying parameters s, t and 6 is extremely redundant and many
other functions can replace Wh(#,s,t) in Eq. (6) so that the equality still holds. One way to reduce this
redundancy is to suitably discretize parameters s, t and 6 so that we end up with a discrete transform with a
set of functions that tend to form an actual basis. We define in Section 3.2 the discrete Gabor wavelets in their
2D form, and we explain how the duality of Eq. (5) can be exploited for a sub-hologram generation through an
adaptive selection.

3.2 Sub-hologram generation process

The main advantage of Gabor wavelets for the extraction of sub-holograms corresponding to the viewer’s position
is their accurate localization in both space and frequency domains. As a consequence, to take advantage of this
property, the discretization of Gabor wavelets should be dense enough since any sparsification of the parameters
s, t and 6 directly implies a loss on continuity in the directions of diffracted rays. In the rest of the article, we
assume that the dilation and orientation parameters are densely discretized with L and P levels, respectively,
and defined by

s[l] = 20®
pr (7)

where the integers [ and p are the indexes of discretization corresponding to s and 6, respectively. « is an
arbitrary linear function.

The discrete Gabor wavelets {/;(l,p) in their 2D form are thus given by

~ 1

¢(z,p) [u7 U] = m

fmax

1 2 2 .
_W(a +b ) 61271'& SO , (8)

€

where

{ a = ucos(f[p]) + vsin(f[p))
b = vcos(f[p]) — usin(f[p]).
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Figure 3: Adaptive selection and reconstruction scheme

In Eq.(8), (u,v) € Z? is the 2D shift discretized parameter such that: —% <u< % and —% <v< %,
where (M, M,) is the wavelet resolution. The frequency of the Gabor function is defined by fiae = (2A)71,
where A is the pixel pitch of the hologram.

We denote by (N, N,) the spatial resolution of the discrete hologram H. An overcomplete N-expansion
{cn}i<n<n of H, where N = N,N,LP, is the set of its Gabor coefficients. It is generated by computing the
inner-product values {(H, ¢ )} isisy

Although the set of wavelets coefficients {c, }1<n<n enables a space/frequency decomposition of hologram
patterns, it may not lead to the sparsest representation in terms of compression, since it provides an overcomplete
representation. Therefore, and as mentioned in Section 2, the N-expansion is reduced to a set of only K coefficients
using the Matching Pursuit algorithm. The summary of this technique is presented in the next section.

Let us now assume that such sparse K-expansion {cj}1<k<xk is generated. Ax denotes the set of K Gabor
atoms where the k*" element is given by
ar = (Ck, lr, prs ti)- (10)

As aforementioned, each atom ay represents a light ray diffracted from a position ty in direction
(Pk,0k) = (&(s[lk]), Olpr])- (11)

The adaptive pruning and reconstruction process for a given point of view V is explained in Figure 3: the
observer position is denoted by O(Oy,0,,0,,,.), the viewing window dimensions are V, and Vj, in directions
x and y respectively, the hologram plane is located at z = 0 whereas the reconstruction plane is located at
Z = Zrecons- We seek to extract from H the sub-hologram Hy such that every light ray diffracted by Hy passes
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through the viewing window V. To this end, for every ray represented by aj € Ay, we compute the coordinates
(g, yx) of the point through which the ray intersects the observer plane.

Then a subset AX{ of A with M < K atoms can be extracted as

AX/[:{akEAK | (xg,yx) €V, 1<k <K} (12)

The m*" atom of AY, thus corresponds to a ray which passes through the viewing window V. In Figure 3,
the rays passing through the viewing window V' are represented in yellow, whereas others are represented in red.

Experimentally, we will verify in Section 5 that the sub-hologram Hy, and original hologram H produce the
same reconstruction at considered viewpoint.

4. MATCHING PURSUIT AND COMPRESSION CONSIDERATION

As stated before, the set of Gabor coefficients {c,}1<n<ny form an overcomplete representation allowing one
possible recovery of the hologram H, but such solution may not be the optimal in terms of sparsity. Aiming
at generating a compressed bitstream for a real-time transmission, it is common to search for the sparsest
expansion, i.e. the set of wavelet coefficients that has a maximum number of vanishing entries. For this, a
well-known algorithm is the so-called Matching Pursuit®* (MP).

In Section 4.1, we emphasise the use of the MP algorithm for digital holograms to obtain a K-expansion
{ck}1<k<r where K < N. Then, a summary of the overall quantification and encoding choices is presented in
Section 4.2 for an efficient compression of the pruned subset A}\} corresponding to sub-hologram Hy;.

4.1 Matching Pursuit algorithm

Matching pursuit is a greedy algorithm applied to signal retrieval from redundant dictionary. It is widely used in
several domains such as image denoising,?® video coding,?® compressed sensing.?” MP allows a linear expansion
by greedily selecting from a dictionary the atoms that provide maximum correlation with the target signal. Thus,
a wise choice of these atoms may improve the reconstruction accuracy, as well as the convergence speed to an
optimal solution. As shown in Section 3.1, Gabor functions are a good choice to match the hologram patterns
due to their accurate space/frequency localization.

Correspondingly, we build a complex dictionary D with the 2D discrete Gabor wavelets zz(l_,p) as defined in
Eq. 8 and having unit norm. The MP algorithm is given in Algorithm 1, where the atom index v = (Ig, pk, tx)
maximising the inner-product values is extracted, and each residual Ry (H) is then updated.

Algorithm 1: MP

Input : Hologram H, Dictionary D
Output: atom coefficients {¢x} and indexes {7}
Initialization: Ro(H) =H
for ke {l,...,K} do

Y = argmax [(Ry(H), ¢ p))|

8!

ek = (Ri(H), ¥, p,)) B

Update : Rk—i—l(H) = Rk(H) - de)(lk,pk)
end

Inversely, MP allows a hologram recovery from the K extracted atoms through the linear approximation

K
H =y, p)- (13)

k=0

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 6/8/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



4.2 MP encoder

For transmission purposes, a compressed bitstream should be generated from the M atoms corresponding to the
light rays diffracted by the sub-hologram Hy,. To this end, the statistical properties, the encoding order and
format of MP components (i.e. the coefficients and the indexes) should be analysed to optimise the trade-off
between the total coding rate and the distortion of the reconstructed view.

The bitstream B that encodes the subset A]‘\//[ obtained by the adaptive selection process, presented in Sec-
tion 3.2, is given by
B:{([Cm]alm»pm;tm)§ 1 SmSM}a (14)

where [¢,,,] is the quantized value of ¢, .

The main design choices for the MP encoder were deeply studied in our previous works'® and are summarized
here:

e Coding order: encoding atom coefficients in the decaying order of their magnitude is very costly since
log,(Ng) + logy(INy) bits are needed for each position. Thus, an alternative is to represent them in a
raster-scan order where each 2D position t,, is represented by

O = [ta:m + (Nz - 1) 'tym] - [trm_1 + (Nfc - 1) 'tym_1]- (15)

Then, the differential position d,, is encoded using a context-based arithmetic encoder with a two-neighbours
context.

e Dilation indexes: it has been found that using an arithmetic encoder without context is efficient for encoding
the set {l;} since we obtain a 24% bit rate reduction over the fixed length code.

e Rotation indexes: applying an arithmetic encoder to encode the set {py } shows that no gain can be achieved,
so it is encoded with a fixed length code using log, P bits.

e MP coefficients: are quantized using a uniform quantizer (UQ) with a number of bits which depends on the
target bit rate. Then, the quantized coefficients are represented as real and imaginary part, and each of
them is encoded using a context-based arithmetic encoder with a 1D two-neighbours context.

In the next section, we will verify, experimentally, if the MP sparse representation preserves the adaptive
reconstruction properties previously mentioned. Indeed, the fact that the K-expansion leads to the same recon-
struction as the one obtained by the N-expansion doesn’t straightforwardly imply that a partial reconstruction
would still contain the necessary directional information. Moreover, we report the compression performance
obtained by our approach.

5. EXPERIMENTAL RESULTS

In this section we evaluate the effectiveness of the proposed method to compress digital holograms. The target of
hologram compression is not to preserve the complex hologram signal but rather the quality of the reconstructed
image. Therefore, in all our experimental tests we use as quality metric the PSNR between two images: the one
reconstructed from the original hologram, and the one reconstructed from the compressed hologram. The cost
metric is the total rate needed to encode the holographic signal. To validate our approach, and for simplicity
purposes, three different points of view are considered: top left, central and right.

It is judicious to note that the approach proposed in this work is relevant for both types of digital holograms:
optically acquired holograms and computer-generated holograms (CGHs). Since they are easier to acquire, CGHs
will be considered for the simulations results.

Therefore, we use two color CGHs (H; : Diffuse Car, Hy : Ring) with a 4096 x 4096 resolution and a pixel
pitch A = 0.4pm.?® The parameters of H; and H, are given in our holographic repository.2’

Table 1 summarizes the observer parameters for the three considered points of view. These values are given
in accordance with the system coordinates defined in Figure 3.
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Table 1: Observer parameters

View Parameter
O, (mm) O, (mm) Zobs (M) Zrecons (1NM)
H; H, H; H,
Central 0.82 0.82 -0.83 -1.22 2.02 2.81
Right 1.22 0.82 -0.62 -0.91 1.81 2.5
Top left  0.41 0.41 05 -0.73 169 2.32

The partial reconstruction Ry corresponding to the view V' is obtained by propagating the cropped wavefield
in the observer plane to the reconstruction plane. Ry is given by

RV = ‘Fzrecons (‘qubs (HV))7 (16)

where F,(-) is the propagation operator for a distance z.

The viewing window dimensions are given by (V,V,). To reduce the speckle effect in numerical reconstruc-
tion, a large cropping window should be considered. In our experiments, we use (V;,V,) = (0.64mm,0.64mm)
for both holograms.

To evaluate our approach, we compare the rate distortion (RD) graphs corresponding to the numerical
reconstructions obtained from:

e The sub-hologram Hy computed using the Matching Pursuit plus Adaptive Selection (MP+AS).
e The complete hologram encoded using Matching Pursuit encoder (MP-only).

e The complete hologram encoded using HEVC codec in intra-mode.

The RD graphs obtained by MP+4+AS, MP-only and HEVC for the three considered reconstructed views of
H, and H, are presented in Figure 4 and Figure 5, respectively.

As shown in RD graphs, our approach clearly outperforms HEVC in terms of compression performance for
the right and top left views at different bit rates and for the central view especially in medium and high bit rates.
Moreover, a significant gain is achieved by the MP+AS expansion compared to the MP-only one for a given
quality reconstruction, since less atoms are encoded. Table 2 summarizes the atoms reduction ratio (1 — 4%), as

well as the compression gain (1 — %4*‘15) obtained for a reference PSNR value P,..y = 34.8dB.
—only

As shown in Table 2, the bit rate gains achieved by the pruning process depend on the considered point of
view. For the same reconstruction quality, a compression gain of 45.8% is attained for the top left view of H;
compared to the MP-only expansion.

bpp bpp bpp

(a) (b) (©)

Figure 4: RD graphs for numerical reconstruction of H;: (a) Top left view, (b) central view, (c) right view

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 6/8/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



38 | ——MP+AS

Figure 5: RD graphs for numerical reconstruction of Hs : (a) Top left view, (b) central view, (c) right view

Table 2: Comparison of MP+AS and MP-only expansion: Atoms reduction and corresponding bit rate gains

H; H,
Central  Right Top left Central Right Top left
Atoms reduction (€ [0, 1]) 0.41 0.35 0.46 0.26 0.37 0.39
Bit rate gain (%) 364 268  45.8 177 293 334

To confirm the objective compression results obtained by the RD graphs, the three reconstructed views
corresponding to H; and Hs are presented in Figures 6 and 7, respectively. The top left views are shown in the
first column, the central views in the second one and the right reconstructions in the third columns. The bit
rates of the compressed CGHs H; and Hs are bpp; = 2.76 and bpps = 2.65, respectively.

For all reconstructed views, MP+AS expansion presents a better visual quality than HEVC and MP-only
expansion which confirms the RD results. For instance, when considering the diffuse-car reconstruction from the
right point of view, a gain of 2.7dB is reached by the pruning selection compared to HEVC, where only 0.7dB
is achieved without the adaptive selection process. For the top left reconstruction of the ring CGH, the PSNR
values was found to be 31.1dB for MP+AS expansion, 28.1dB for MP-only one and 26.6dB for HEVC. Thus,
the proposed method provides a good reconstruction quality with a high compression rate.

Based on the aforementioned experimental simulations, we conclude that the sparse MP representation does
not affect the adaptive reconstructions properties developed in Section 3.2. The sub-holograms generated by the
combination of MP and AS provide a good reconstruction quality with significant compression gains.

6. CONCLUSION

In this paper, we studied the use of Gabor wavelets for an accurate space/frequency decomposition of hologram
patterns and their suitability for a partial reconstruction based on the viewer position. The generation of
compressed sub-holograms in a view dependent context is conducted through two stages: first, the overcomplete
Gabor expansion is reduced to a sparse set of atoms using matching pursuit. Then, an adaptive selection based
on the observer position enables a pruning of a subset with only the atoms modeling the light rays passing
through the viewing window.

Experimental results revealed that the sparse sub-holograms generated by combining MP and AS provide the
same reconstruction quality as the entire hologram. Compared to the uncompressed representation, a compression
ratio of 48 : 2.3 is achieved by our approach, 48 : 3.1 for the MP-only version and 48 : 3.6 for HEVC used in intra-
mode. Moreover, the straightforward correspondence between the localisation parameters of Gabor wavelets and
the directions of diffraction may be exploited for a real-time progressive transmission in the future works.
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@) (k) M
Figure 6: Reconstructed views of H; : (a-c) original, (d-f) HEVC, (g-i) MP-only expansion, (j-1) MP+AS
expansion (our approach). The bit-rate for compressed CGH is 2.76 bp
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6)) (k) )
Figure 7: Reconstructed views of Hy : (a-c) original, (d-f) HEVC, (g-i) MP-only expansion, (j-1) MP+AS
expansion (our approach). The bit-rate for compressed CGH is 2.65 bp
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