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ABSTRACT

3D video is a new technology, which requires transmis-
sion of depth data alongside conventional 2D video. The
additional depth information allows to synthesize arbitrary
viewpoints at the receiver for adaptation of perceived depth
impression and for driving of multi-view auto-stereoscopic
displays. Depth maps typically show different signal charac-
teristics compared to textured video data. Piecewise smooth
regions are bounded by sharp edges resembling depth discon-
tinuities. These edges lead to strong ringing artifacts when
depth maps are coded with DCT-based transform codecs, such
as AVC or its successor HEVC.

In this paper alternative transforms are proposed to be
used for coding depth maps for 3D video. By replacing the
DCT with these transforms, ringing artifacts in the recon-
structed depth maps are reduced and at the same time the
complexity of the transform stage is lowered significantly.
For high quality depth map coding the proposed alternative
transforms can even increase coding efficiency.

Index Terms— depth map, video coding, transforms,
complexity, 3d video

1. INTRODUCTION

3D video technology extends conventional stereo videos by
the addition of the corresponding depth maps. Currently,
stereoscopic displays, which require special glasses, are still
used to display stereoscopic content. New technologies,
such as auto-stereoscopic and depth-adapting stereoscopic
displays, require more than two views of the same scene to
allow for their enhanced 3D features. The Multi-View plus
Depth (MVD) data format, which bundles multi view texture
videos with their corresponding depth maps, was designed for
these technologies.

Depth maps typically have different properties compared
to texture images. First, they can be characterized by smooth
areas of almost constant depth, which are bounded by sharp
edges that resemble depth discontinuities. Second, depth
maps are not viewed by the user, but are rather used to syn-
thesize additional views using Depth Image Based Rendering.
Third, any distortion to depth maps will be mapped to object

deformations in the rendered views [1]. For these reasons,
several approaches were investigated to efficiently code depth
maps while retaining high view synthesis quality.

Recent compression algorithms approximate depth map
signal characteristics by a partitioning the frame into trian-
gular meshes [2] or platelets [3] and modeling each segment
by an appropriate 2D function. These pure model-based ap-
proaches can also be combined with transform-based tools by
introducing an additional coding mode, such as the sparse-
dyadic (SD) mode [4]. An SD-coded block is divided into
two segments with each one described by a constant depth
value. This concept can further be extended by incorporating
structural information from the corresponding texture compo-
nent as proposed with Depth Modeling Modes [5].

In video coding, discrete cosine transform (DCT) is the
state of the art block transform. Whereas alternative trans-
forms have been developed for depth map coding to be better
optimized for their unique signal characteristics. In [6] Don’t
Care Regions are defined as areas where distortions of the
depth map cause a synthesis distortion smaller than a certain
threshold (α). Based on this information a sparse represen-
tation of the depth signal is sought. The same approach was
further developed in [7], allowing the synthesized image to
be at arbitrary positions. For Graph Based Transforms (GBT)
[8] the adjacency matrix of each block is used to calculate
the degree matrix, from which the Laplacian matrix is calcu-
lated. The GBT is constructed based on the eigenvectors of
the Laplacian matrix while the adjacency matrix is coded as
additional side information.

All described methods can efficiently code depth maps,
but they generally introduce a lot of complexity to the decoder
compared to conventional DCT-based transform coding. In
the proposed transform coding scheme for depth maps, al-
ternative transforms are used, which significantly reduce the
computational complexity for the transform stage while even
improving coding efficiency.

The remainder of this paper is organized as follows: Sec-
tion 2 explains major differences between the analyzed trans-
forms. Section 3 presents simulation results with respect
to coding performance when using the proposed alternative
transforms. This analysis is further extended in Section 4 to
investigate the resulting computational complexity. Finally,



Section 5 summarizes the results of the presented investiga-
tion and gives an outlook on potential future research topics
in this field.

2. THEORETICAL BACKGROUND

In this section the proposed alternative transforms are ex-
plained and it is described why these transforms are better
matched with typical depth map signal characteristics. More-
over, an example is given showing a reconstructed depth map
coded with different transform types.

2.1. Haar Transform

The Haar transform is a relatively simple transform and was
introduced by Alfred Haar in 1910 [9].

The discrete Haar transform uses rectangular basis func-
tions, which are defined for any 2N , N ∈ I+. The 2n Haar
transform matrix can be generated from n using the following
formula:

H(2n) =

[
H(n)⊗

[
1 1

]
2

n−2
2 I ⊗ I2n−2 ⊗

[
1 −1

]] (1)

where

H(1) =

[
1 1
1 −1

]
(2)

which needs to be normalized in case of an orthonormal trans-
form.

An example of a Haar transform matrix is given in (3). It
can be seen that the transform basis functions consist of two
components: The DC component and the difference compo-
nent. The first difference function is shifted and scaled n− 1
times.
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2.2. Walsh-Hadamard Transform

The Walsh-Hadamard transform is based on the Hadamard
matrix, which was introduced by the french mathematician
Jacques Hadamard [10]. Hadamard matrices are square with
entries of [1 − 1] and orthogonal rows.

The structure of a Hadamard matrix is given in (4). For
any matrix X , the Hadamard matrix can be generated by
replicating X horizontally and vertically, as described by (4).
Hence, Hadamard matrices can be generated systematically
starting from 1× 1 matrix as shown in (5).

[
X X
X −X

]
(4)

[
1
]
,

[
1 1
1 −1

]
,


1 1 1 1
1 −1 1 −1
1 1 −1 −1
1 −1 −1 1

 (5)

The proposed Walsh-Hadamard transform is the se-
quency-arranged variant of the Hadamard matrices with or-
thonormal rows. The sequency is half the number of sign
changes in the basis functions. An example of this is given
in (6).
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2.3. Comparison of Transforms for Depth Map Coding

In Figure 1 the 8× 8 2D basis functions of the two proposed
transforms and the DCT are depicted. It can be seen that
Haar and Walsh-Hadamard basis functions possess the prop-
erty of sharp transitions between positive and negative val-
ues. Compared to these, to DCT shows smoother transitions.
This property enables these transforms to better approximate
blocks with discontinuities, as can be seen in typical depth
map signals.

The DCT is widely used in coding of natural images and
videos. For images with rapid signal changes it has been re-
ported that the Haar transform performs better [11] with re-
spect to coding efficiency. Depth maps, as stated before, are
characterized by smooth areas with sharp edges. For such
signals the DCT introduces strong ringing artifacts after the
quantization of the resulting transform coefficients. The pro-
posed transforms, however, do not tend to introduce such ar-
tifacts. An example of this ringing effect is shown in Fig-
ure 2 where the boundaries of the objects are extremely de-
formed in the DCT case and better kept when Haar or Walsh-
Hadamard transforms are used. As a consequence, ringing
artifacts around objects boundaries result in erosion artifacts
in the reconstructed views, as shown in [1].

3. CODING EFFICIENCY ANALYSIS

The proposed alternative transforms were implemented into
the JCT-3V HEVC Test Model (HTM 4.0) [12]. The encoder
can be configured to either use the conventional DCT/DST
transforms or use one of the proposed transforms for cod-
ing depth maps. All simulations are performed following the



(a) DCT (b) Haar (c) Walsh-Hadamard

Fig. 1: 2D basis functions of different transforms for 8 × 8
transform block sizes.

(a) Original (b) DCT

(c) Haar (d) Walsh-Hadamard

Fig. 2: Uncompressed and reconstructed depth maps with dif-
ferent transform functions. The quantization parameter for
the depth map is QPD = 50.

JCT-3V common test conditions [13]. To get more mean-
ingful results, additional simulations were performed and are
presented hereafter.

3.1. General Evaluation Framework

As depth maps are typically not displayed and can be re-
garded as supplementary data to the corresponding texture
videos, PSNR values are computed from synthesized views.
The reference frames for this evaluation are synthesized views
based on uncompressed texture and depth data. PSNR val-
ues are computed between synthesized views from uncom-
pressed data and synthesized views based on decoded and
reconstructed data. This evaluation procedure is also used
within JCT-3V and complies with the common test conditions
of the JCT-3V standardization activity [13].

In Table 1 simulation results of using the alternative trans-
forms for depth map coding can be found. The results show
that changing the transform basis functions only has a mini-
mal impact on the overall coding performance.

Table 1: BD-Rate savings for proposed alternative trans-
forms, following the JCT-3V common test conditions. BD-
Rates are computed based on PSNR of synthesized views and
total bitrate.

Sequence Haar Walsh-Hadamard

Balloons 0,13 % 0,15 %
Kendo 0,29 % 0,31 %
Newspaper 0,25 % 0,31 %
GT Fly 0,08 % -0,10 %
Poznan Hall -0,08 % 0,13 %
Poznan Street 0,11 % 0,12 %
Undo Dancer 0,09 % -0,18 %
1024× 768 0,22 % 0,25 %
1920× 1088 0,05 % -0,01 %
AVERAGE 0,12 % 0,11 %

3.2. Results with Fixed Texture Quality

The evaluation scheme following the common test conditions
of JCT-3V is not optimal for evaluating pure depth coding
tools, because the resulting bitrate savings are measured with
respect to the total bitrate, which includes texture and depth
bitrate. Moreover, the measured synthesis quality (in PSNR)
is not only affected by distortions of the depth maps, but also
by distortions to the corresponding texture views. Therefore it
is relatively difficult to evaluate the impact of the tested depth
coding tool alone.

To overcome this drawback of the evaluation framework
an additional set of results is generated by using the same tex-
ture quality (QPT = 20) for all four depth map rate points.
Only the depth map quality is varied by four different val-
ues of the depth map quantizer parameter (QPD). When mea-
suring the PSNR values of the synthesized views, the recon-
structed depth maps are used in combination with the uncom-
pressed texture views and are compared to the synthesized
reference views. Hence, distortions in the synthesized views
are only influenced by coding artifacts in the reconstructed
depth maps.

As the bitrate for the texture views is the same for all rate
points of each sequence, it is also possible to show the amount
of bitrate savings for the depth component. This better reflects
the impact of the modified depth map coding as the BD-Rates
are computed based on the depth bitrate and PSNR values of
synthesized views, which are generated from reconstructed
depth maps and uncompressed texture views.

The simulation results in Table 2 show that using the pro-
posed alternative transform types does not lead to conclusive
results as some sequences benefit from the different transform
characteristics while others do not. The impact on coding ef-
ficiency with respect to the total bitrate (including texture) is
negligible. That is due to the fact that the fixed and high tex-



Table 2: BD-Rate savings for proposed alternative transforms
when coding the texture views with QPT = 20. BD-Rates are
computed based on PSNR of synthesized views and total or
depth bitrate, respectively.

Sequence Haar Walsh-Hadamard
Total Depth Total Depth

Balloons 0,03 % 1,21 % 0,04 % 1,51 %
Kendo 0,04 % 1,04 % 0,03 % 0,70 %
Newspaper 0,01 % 1,51 % 0,07 % 2,64 %
GT Fly 0,00 % 0,94 % 0,00 % 1,40 %
Poznan Hall -0,01 % -0.33 % -0,01 % -0,24 %
Poznan Street 0,02 % 1,88 % 0,02 % 2,00 %
Undo Dancer -0,02 % -1,95 % -0,04 % -2,53 %
1024× 768 0,02 % 1,25 % 0,04 % 1,61 %
1920× 1088 0,00 % 0,14 % -0,01 % 0,16 %
AVERAGE 0,01 % 0,62 % 0,02 % 0,78 %

ture quality results in a very high bitrate for the texture com-
ponent while the rate for the depth component is negligibly
small.

3.3. Results with Fixed Texture and High Depth Quality

In a third set of simulations the performance of the alterna-
tive transforms for depth maps is evaluated with a configu-
ration for higher reconstruction quality. When following the
common test conditions of JCT-3V, the depth map quality is
relatively low (QP values between 43 and 50). The proposed
transforms for depth map coding are expected to perform even
better in coding scenarios where higher depth map quality is
targeted. Therefore, another set of simulations is performed,
which follows the evaluation method explained in Section 3.2,
but uses a QPD range for the depth maps of 15 to 30 with a
step size of 5. The QP for the texture (QPT) is still fixed to
20.

From the simulations results in Table 3 it can be seen that
in a coding scenario targeting high quality depth maps, us-
ing the proposed alternative transforms yields significant re-
ductions in terms of BD-Rate. In the low QPD coding sce-
nario, more transforms are used (which is further investigated
in Section 4) and consequently the impact of different trans-
form characteristics become visible with respect to coding ef-
ficiency gains.

4. COMPLEXITY ANALYSIS

For the following complexity analysis, the number of addi-
tions/subtractions (ADDS), multiplications (MULTS) and bi-
nary shifts (SHIFTS) is used to compare different transform
types. HEVC uses both, DCT and DST (discrete sine trans-
form) transforms, depending on the block size and prediction

Table 3: BD-Rate savings for proposed alternative transforms
coding the texture views with QPT = 20 and the depth maps
at high quality with QPD ∈ {15, 20, 25, 30}. BD-Rates are
computed based on PSNR of synthesized views and total or
depth bitrate, respectively.

Sequence Haar Walsh-Hadamard
Total Depth Total Depth

Balloons -1,51 % -3.70 % -0.73 % -1.77 %
Kendo -1,86 % -4.40 % -1.05 % -2.55 %
Newspaper -2,89 % -6.52 % -1.32 % -2.93 %
GT Fly -1,75 % -7.72 % -1.46 % -6.81 %
Poznan Hall -1,31 % -7.44 % -0.56 % -3.25 %
Poznan Street -0.81 % -3.77 % -0.30 % -1.51 %
Undo Dancer -0.28 % -2.97 % -0.01 % 0.01 %
1024× 768 -2,09 % -4.87 % -1.03 % -2.41 %
1920× 1088 -1,04 % -5.48 % -0.58 % -2.89 %
AVERAGE -1,49 % -5.22 % -0.77 % -2.68 %

mode. As the DST is only used in 4×4 intra-predicted blocks,
the complexity analysis in this paper concentrates on the com-
plexity comparison of DCT, Haar and Walsh-Hadamard. For
all three transform types, fast implementations [14], [15], [16]
are used to demonstrate the complexity impact for optimized
algorithms. Moreover, a straight-forward matrix multiplica-
tion approach is added to the complexity analysis as a worst-
case reference.

For each of the compared transform implementations the
required number of operations is shown in Table 4.

For the presented complexity analysis, different transform
types were implemented as alternative transforms into the
HTM reference software of JCT-3V [12]. Simulations were
performed according to the JCT-3V common test conditions
(CTC) [13]. The average number of transforms of different
sizes per depth frame are computed for the whole set of JCT-
3V test sequences. Following the CTC, depth maps are coded
with a relatively high quantizer setting (QP), which results in
many skipped blocks in temporally predicted frames and con-
sequently ends up in a very low number of transforms in depth
frames. Therefore, an additional set of simulations was per-
formed at a lower QPD. This procedure and the QP range is
the same as described in Section 3. In Table 5, it can be seen
that for a finer depth quantization, the number of transforms
increases significantly.

In a final step, these simulation results are combined with
the number of arithmetic operations (Table 4) to obtain the
overall complexity analysis of different transform types for
the JCT-3V test sequences. The results are depicted in Fig-
ure 3 for the lower QPD range and in Figure 4 for the default
CTC simulation configuration. In the provided results, it can
be seen that the two proposed alternative transforms (Haar
and Walsh-Hadamard) can significantly reduce the computa-



Table 4: Number of mathematical operations required for dif-
ferent implementations and transform sizes.

Block Size MULTS ADDS SHIFTS
Matrix

4× 4 128 96 32
8× 8 1024 896 128
16× 16 8192 7680 512
32× 32 65536 63488 2048

Fast DCT (FDCT)
4× 4 0 136 40
8× 8 0 1184 624
16× 16 0 7424 4224
32× 32 0 35072 15936

Fast Haar (FHT)
4× 4 32 48 32
8× 8 128 224 128
16× 16 512 960 512
32× 32 2048 3968 2048

Fast Walsh-Hadamard (FWHT)
4× 4 0 64 32
8× 8 0 384 128
16× 16 0 2048 512
32× 32 0 10240 2048

tional complexity, even compared to a highly optimized DCT
implementation.

Table 5: Average number of transforms per depth frame for
different transform sizes. The simulation setup follows the
configuration described in Section 3.

Configuration Number of Transforms
4× 4 8× 8 16× 16 32× 32

HighQP 62 48 72 30
LowQP 1648 460 216 64

5. CONCLUSION

This paper proposes to replace the discrete cosine transform
(DCT) with either the Haar or the Walsh-Hadamard trans-
form when coding depth maps. Both alternative transform
types are better matched with typical signal characteristics of
depth maps and consequently tend to reduce the amount of
ringing artifacts along depth discontinuities compared to con-
ventional DCT/DST transforms. Especially for high quality
coding of depth maps the alternative transforms outperform
the DCT/DST-based coding of 3D video data. Moreover, it is
shown that the two alternative transform types have a signifi-
cantly lower complexity in terms of number of required multi-
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Fig. 3: Number of required arithmetic operations per depth
frame for different transform types. The QPD range follows
the JCT-3V common test conditions while the QPT was fixed
to 20.
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Fig. 4: Number of required arithmetic operations per depth
frame for different transform types. While the QPT was
fixed to 20, the depth quantizer was configured to be QPD ∈
{15, 20, 25, 30}.

plications and additions compared to the latest reference. This
property is very important due to the fact that depth maps typ-
ically contribute to less than 10% of the total bitrate of a 3D
video bitstream. Therefore, coding depth maps should conse-
quently be coded with low complexity as it can be interpreted
as additional side information to the decoder, similar to mo-
tion vectors.

Further study is needed to investigate whether the entropy
coding stage for coding transform coefficients in 3D-HEVC
can be further adapted and optimized for the proposed alterna-
tive transforms. It may be possible to further increase coding
efficiency by such modifications.
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