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ABSTRACT

We consider a variable block size compressed sensing (CS)
framework for high efficiency depth map coding. In this con-
text, quad-tree decomposition is performed on a depth image
to differentiate irregular uniform and edge areas prior to CS
acquisition. To exploit temporal correlation and enhance cod-
ing efficiency, such quad-tree based CS acquisition is further
extended to inter-frame encoding, where block partitioning is
performed independently on the I frame and each of the sub-
sequent residual frames. At the decoder, pixel domain total-
variation minimization is performed for high quality depth
map reconstruction. Experiments presented herein illustrate
and support these developments.

Index Terms— Quad-tree decomposition, compressed
sensing, sub-Nyquist sampling, sparse signals, depth map,
total-variation

1. INTRODUCTION

Recent advance in display and camera technologies has en-
abled three-dimensional (3-D) video applications such as
3-D TV and stereoscopic cinema. In order to provide the
“look-around” effect that audiences expect from a realistic
3-D scene, a vast amount of multiview video data needs to
be stored or transmitted, leading to the desire of efficient
compression techniques. One proposed solution is to encode
two views of the same scene captured from different view-
points along with the corresponding depth (disparity) map.
With texture video sequences and depth map sequences, an
arbitrary number of intermediate views can be synthesized at
the decoder side using depth image-based rendering (DIBR)
techniques [1]. Depth maps, therefore, are considered as an
essential coding target for 3-D video applications.

Typically, depth maps are characterized by irregular
piecewise smooth areas separated by sharp object bound-
aries, with very limited texture. To efficiently compress such
images, traditional methods focus on constructions of linear
functions to effectively represent smooth areas [2] or trans-
forms that are adapted to edges [3],[4]. Recently, new depth
map coding paradigms have been developed under the com-
pressed sensing (CS) framework. CS is an emerging body of
work that deals with sub-Nyquist sampling of sparse signals
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of interest [5]-[7]. Rather than collecting an entire Nyquist
ensemble of signal samples, CS can reconstruct sparse sig-
nals from a small number of (random [7] or deterministic [8])
linear measurements via convex optimization [9], linear re-
gression [10],[11], or greedy recovery algorithms [12]. In CS
based depth map coding, data compression can be achieved
via sub-Nyquist sampling as well as subsequent entropy
coding of the CS samples, while high quality depth image
reconstruction is still available by sparsity-aware decoding.

An existing CS based depth map coding algorithm [13]
performs CS acquisition with a sub-sampled 2-D discrete
cosine transform (DCT) to obtain de-correlated CS samples
which are further entropy encoded, and reconstruction is per-
formed via enforcing gradient sparsity in the pixel domain.
Such technique provides higher coding efficiency than ran-
dom sensing matrix used in typical CS based video compres-
sion strategies, as well as better reconstruction quality than
pure inverse 2-D DCT in standard video decoders. However,
the algorithm is based on fixed block size CS acquisition,
leading to redundant sampling of large irregular uniform ar-
eas. On the other hand, graph based transform (GBT) has
also been proposed for CS based depth map coding [14].
In such scheme, partial Hadamard transform is used as the
sensing matrix and GBT is constructed per depth image block
for sparse representation. Although the GBT provides more
effective sparse transform than other orthogonal basis such as
2-D DCT, the construction of block-adaptive GBT increases
encoder complexity, and the side information needed to spec-
ify the GBT heavily reduces the overall coding efficiency.

In this paper, we aim at developing a CS based variable
block size encoder for efficient depth map compression. To
avoid redundant CS acquisition of large irregular uniform ar-
eas, a simple top-down quad-tree decomposition algorithm is
proposed to partition a depth map into uniform blocks of vari-
able sizes and small blocks containing edges. Lossless 8-bit
compression is then applied to each of the uniform blocks
and only the edge blocks are encoded by CS and subsequent
entropy coding. Such variable block size encoder is then ex-
tended to inter-frame encoding, where the quad-tree decom-
position is independently applied to the I frame and subse-
quent residual frames in a group of pictures (GOP) of I-P-P-P
structure. At the decoder, pixel-domain total-variation mini-
mization is applied to the de-quantized CS measurements (or
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Fig. 1. Quad-tree partitioned CS encoder.

sub-sampled 2D-DCT coefficients) for edge block reconstruc-
tion.

The remainder of this paper is organized as follows.
In Section 2, we describe in detail the proposed quad-tree
partitioned CS depth map encoder, and a total-variation min-
imization based depth image reconstruction algorithm are
elaborated in Section 3. In Section 4, the proposed CS en-
coder/decoder is extended to inter-frame coding. Experimen-
tal results and comparison studies are presented in Section 5.
Finally, a few conclusions are drawn in Section 6.

2. PROPOSED QUAD-TREE PARTITIONED CS
ENCODER

In the compressive depth map encoding block diagram shown
in Fig. 1, each frame is virtually partitioned into non-
overlapping macro blocks of size n x n. A simple L-level
top-down quad-tree decomposition is then applied to each
macro block Z € R™*™ independently to partition it into
uniform blocks of size 57 X 5741, £ € {1,2,...,L}, and
edge blocks of size 571 X 5r=r. Then, each uniform block
is losslessly encoded using 8-bit representation, and CS is
performed on each edge block X € R2E=T *22=T in the form
of

y = &(X), @.1)

where the sensing operator ®(-) is equivalent to sub-sampling
the P 2D-DCT coefficients of the lowest frequency after zig-
zag scan. Then, the resulting measurement vector y € R
is processed by a scalar quantizer with a certain quantiza-
tion parameter (QP), and the quantized indices y are en-
tropy encoded using context adaptive variable length coding
(CAVLC) as implemented for [15] and transmitted to the
decoder.

The bit-saving property of the proposed CS depth map en-
coder relies on the quad-tree decomposition illustrated in Fig.
2. For each macro block Z, the proposed quad-tree decom-
position is performed as follows. Let the level index ¢ = 1
be the lowest level corresponding to the macro block of size
n X n, then the block size at level-¢ can be simply calcu-
lated as n; = n x 2'7¢. Let us denote a level-¢ block as
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X, € R™x7e 1f all the pixels in X, have the same values,
the encoder transmits a ‘0’ to indicate X, is a uniform block,
and the quad-tree decomposition is thereby terminated. If X,
is not uniform and ¢ < L, the encoder transmits a ‘1’ to in-
dicate that X, will be further split into four non-overlapping
sub-blocks Xé+1 € R%X%, 1 = 1,2,3,4. Decomposition
is performed recursively for each sub-block in a left-to-right,
up-to-down order indicated by the arrows in Fig. 2 until the
highest level ¢ = L is reached, or a uniform block is detected.
The resulting bit stream is transmitted as the “quad-tree map”
to inform the decoder of the decomposition structure for suc-
cessful decoding.

-

Fig. 2. Quad-tree decomposition.

3. TOTAL-VARIATION MINIMIZATION
RECONSTRUCTION

At the decoder, the reconstruction of each macro-block is per-
formed independently. As described in Fig. 3, the decoder
first reads the bit stream along with the binary quad-tree map
to identify uniform and edge blocks. For uniform blocks, a
simple 8-bit decoding is carried out. For edge blocks, the
decoder performs entropy decoding to obtain the quantized
partial 2D-DCT coefficients (or CS measurements) y. The el-
ements of y are then de-quantized to form the vector y. Since
depth map blocks containing edges have sparse spatial gra-
dients, they can be reconstructed via pixel-domain 2-D total-
variation' (TV) minimization in the form of

~

X = arg H%én TVyp(X) (3.1

subject to ||y — ®(X)]||e, < e

The reconstructed uniform blocks and edge blocks are re-
grouped thereafter to form the decoded macro block Z.

4. EXTENSION TO INTER-FRAME CODING

So far, we have carried out the quad-tree based CS encoding
for only intra frames. To exploit temporal correlation among
successive frames, we now extend the proposed algorithm to

!'The mathematical expression of pixel-domain 2-D total-variation is de-
fined as in [16],[17].
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Fig. 3. Decoding system.

inter-frame encoding. At the encoder, the sequence of depth
images is divided into groups of pictures with I-P-P-P struc-
ture. For each GOP, the I frame F; at time slot ¢ is encgded
as described in Section 2, and the reconstructed image F; is
taken as the reference frame for encoding the subsequent three
P frames. Hence, the k" residual frame can be computed as

Fi., =Fi — Fy, (4.1)

k=1,23.

Denote a residual macro blockin F} ; as Z7, , € R"*", then
it can be considered as the input of the quad-tree partitioned
CS encoder depicted in Fig. 1. Specifically, an edge residual
block can be computed as X7, ; = Xy — Xy where Xy g
is the pixel block in the k" P frame to be encoded and the
predicted block X is the co-located block in the decoded I
frame F;.

For reconstruction, the uniform residual blocks can be re-
covered via 8-bit decoding. For an edge residual block, the
CS measurements, or the de-quantized sub-sampled 2D-DCT
coefficients received can be represented as

P(Xiyr) + 04y
D(Xyyr) — (Xy) + 07y,

Yitk
4.2)

where n} . is the noise due to residual quantization. Hence,
a pixel-domain TV minimization algorithm can be applied to
reconstruct the P frame pixel block X, in the form of

X1k = arg m)én TVap(X) 4.3)

subject to ||yiix+ Q(Xt) —®(X)|[e, <e

5. EXPERIMENTAL STUDIES

In this section, we experimentally study the performance of
the proposed CS depth map coding system by evaluating the
R-D performance of the synthesized view. Two test video se-
quences, Balloons and Kendo, with a resolution of 1024 x 768
pixels are used. For both video sequences, 40 frames of the
depth maps of view 1 and view 3 are compressed using the
proposed quad-tree partitioned CS encoder, and the recon-
structed depth maps at the decoder are used to synthesize
the texture video sequence of view 2 with the View Synthesis
Reference Software (VSRS) [18].

N>
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In our experiments, the macro block size n 128,
and a five-level (L = 5) quad-tree decomposition is im-
plemented, resulting in uniform blocks of size n, X ny,
ne € {8,16,32,64, 128}, and edge blocks of size 8 x 8. The
number of CS measurements for each edge block is fixed at
P = 24. For the intra-frame encoder, four different values of
quantization parameters, QP={24,28,32,36} are utilized. For
the inter-frame encoder, four pairs of quantization parame-
ters are utilized for I and P frames as shown in Table 1. To
reconstruct edge blocks from partial 2D-DCT CS measure-
ments, TVAL3 software [19],[20] is employed to solve the
TV minimization problems in (3.1) and (4.3).

Table 1. QP values for Inter-frame encoding.

QP
Iframe | 22 | 26 | 30 | 34
Pframe | 24 | 28 | 32 | 36

In our experimental studies, two proposed CS depth map
encoders are examined for both sequences: the intra-frame
and inter-fame quad-tree partitioned CS encoders. For com-
parison studies, we include three existing CS based depth map
compression algorithms: intra- and inter-frame partial 2D-
DCT CS encoder without quad-tree decomposition [13], and
the intra-frame CS encoder based on partial Hadamard sens-
ing matrix with GBT sparsifying basis [14]. For fair compar-
ison, the same CAVLC scheme is used in the entropy cod-
ing of the CS samples for all five encoders. To solve the ¢;
minimization problem in the GBT-based algorithm, ¢;-magic
software [21] is utilized.

Fig. 4 shows the rate-distortion characteristics of the
Balloons sequence. The bit-rate indicates the average bits
per pixel (bpp) of the compressed depth map sequences
from view 1 and view 3, and the peak signal-to-noise ratio
(PSNR) of the luminance component of synthesized view 2
is computed between the rendered view using compressed
depth sequences and using the ground-truth depth sequences.
Evidently, for a fixed PSNR, the proposed intra- and inter-
frame quad-tree partitioned CS encoder provide as much as
0.075 bpp savings compared to their non-quad-tree counter-
parts. For GBT-based intra-frame CS encoder proposed in
[14], the bit-rate shown in Fig. 4 includes only the bits that
represent the partial Hadamard CS samples, while the side
information needed for constructing the block-adaptive GBT
sparsifying basis at the decoder is not included since its size
highly depends on the entropy coding method. Nevertheless,
it is sufficient to show that our proposed quad-tree based
intra-frame CS encoder outperforms the GBT intra-frame CS
encoder.

The same rate-distortion performance study is repeated in
Fig. 5 for the Kendo sequence. For this fast motion sequence,
our proposed intra- and inter-frame quad-tree partitioned CS
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Fig. 4. Rate-distortion studies on the synthesized view 2 of
the Balloons sequence.

encoder outperforms all the other three coding algorithms.

6. CONCLUSIONS

We proposed a variable block size CS coding system for depth
map compression. To avoid redundant CS acquisition of large
irregular uniform areas, a five-level top-down quad-tree de-
composition is utilized to identify uniform blocks of variable
sizes and small edge blocks. Each of the uniform blocks
are encoded losslessly using 8-bit representation, and the
edge blocks are encoded by CS with partial 2D-DCT sensing
matrix. At the decoder side, edge blocks are reconstructed
through pixel domain total-variation minimization. Since
the proposed quad-tree decomposition algorithm is based on
simple arithmetics, such CS encoder provides significant bit
savings with negligible extra computational cost compared to
pure CS-based depth map compression in literature. The pro-
posed coding scheme can further enhance the rate-distortion
performance when applied to an inter-frame coding structure.
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