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As the latest video coding standard for multi-view plus depth video, 3D-HEVC yields high coding effi-
ciency but at the cost of heavy computational complexity. To reduce the computational complexity, a fast
intra coding algorithm based on sum-of-gradient criterion for depth map coding in 3D-HEVC, named
SOG-FDIC, is proposed in this paper. Based on the observation that DMM modes and smaller partitioning
sizes are rarely used in flat region, sum of gradient is presented to determine whether the current block
belongs to the flat region so as to skip unnecessary checking of DMMs and smaller partitioning sizes.
Experimental results show that the proposed algorithm can save about 21.8% coding time while keeping
almost the same coding efficiency and the reconstructed video quality of depth maps and synthesized
views, compared with the original 3D-HEVC. Moreover, it has been verified that the proposed method
outperforms the state-of-the-art methods.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

With the explosive increasing of 3D video services, the efficient
storage and transmission of 3D video becomes indispensible [1].
For that, a joint expert group of MPEG and ITU-T, named Joint Col-
laborative Team on 3D Video Coding Extension Development (JCT-
3V), was established to develop 3D-HEVC as an extension of High
Efficiency Video Coding (HEVC) [2–4].

Different from its predecessors-H.264/MVC, 3D-HEVC supports
the multi-view video plus depth (MVD) format [5] rather than
the only texture video, e.g., conventional stereo video (CSV) and
multi-view video (MVV) [6–8]. Fig. 1 shows the block diagram of
3D-HEVC system and MVD data structure. To be more specific,
the MVD format consists of two components for each view-one is
the texture sequence, representing the luminance and chromi-
nance information of the scene; the other is the depth map
sequence, describing the distance of objects in the scene from
the camera plane. Instead of coding all views, only two or three
texture views and associated depth maps are needed to be cap-
tured and encoded by the MVD format, which saves the storage
spaces and the transmission bandwidth. The other necessary views
required by the display devices can be synthesized from those
decoded views by means of depth-image-based rendering (DIBR)
technique [9–11]. Therefore, the depth map is very important to
the quality of synthesized virtual views and should be seriously
concerned.

Characterized by large areas with nearly constant values and
sharp edges [1], the depth map sequence contains much more
redundancies than the texture one. However, the quality degrada-
tion on sharp edges might cause significant distortion and artifacts
on synthetized views. To better preserve the edges in depth map,
3D-HEVC designs new intra coding modes, named depth modeling
modes (DMM), to supplement the traditional HEVC intra predic-
tion modes. Therefore, the coding efficiency is significantly
improved by 3D-HEVC. Meanwhile, the computational complexity
becomes the burden for the practical 3D-HEVC applications.

To reduce the encoding complexity while maintaining the cod-
ing efficiency, some fast intra prediction methods for depth map
coding have been proposed. Sanchez et al. [12] focused on reducing
the computational cost of DMM1 mode, for whose computational
complexity is the highest among the depth intra prediction modes.
A gradient-based mode one filter (GMOF) was exploited to select a
single Wedgelet from the borders of the encoded block to be eval-
uated, instead of evaluating all possible ones. In [13], a simplified
edge detector (SED) algorithm was proposed to classify a coding
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Fig. 1. The illustration of 3D-HEVC system and MVD data structure.

Fig. 2. HEVC intra frame prediction modes.
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block to an edge or flat block by comparing depth values from four
corners of the block. If the coding block belongs to a nearly con-
stant region, the DMM evaluation of the block can be skipped. In
[14], two early termination conditions for the rate distortion (RD)
calculation of DMMs are studied. One is that if the first mode in
full-RD cost calculation list is planar mode, the CU is very likely
to be flat or smooth; the other is that the variance of CUs selecting
DMMs and region mode as best mode is often higher than that of
CUs selecting intra prediction mode as best mode. Park [15] pro-
posed a simple edge classification for coding block in the Hada-
mard transform domain. Based on the edge classification results,
DMMs with very low possibility are neglected in the mode decision
process. In [16], the texture of depth blocks is analyzed to deter-
mine the dominant edge orientation of each block, which is then
utilized to reduce the number of modes to be evaluated in the
depth mode decision. Zhang et al. [17] exploited the information
of spatial adjacent depth map and the corresponding texture video
to early terminate the mode searching process. The correlation
between the smallest rough-RD cost value (SRCV) and the best
intra prediction mode had been studied in [18], with which, the
proposed method avoids the unnecessary full-RD cost calculation.
All the above-mentioned algorithms were concerning about
whether to check DMM or not. If the coding block meets some con-
ditions, the calculation of DMM can be skipped. As a result, the
depth intra prediction process is accelerated.

Besides the predictive mode selection, the exhaustive partition
size searching process of 3D-HEVC is also very time-consuming. If
the size searching process can be early terminated without sacri-
ficing 3D-HEVC coding performance, the practical applications of
high-resolution three dimensional video will be more promising.
In this light, we propose a fast depth intra frame prediction algo-
rithm for 3D-HEVC, by skipping the DMM calculation from most
prediction units (PUs) in flat area and speeding coding unit (CU)
partition. The flat area and edge area are classified based on the
Roberts gradient operator. If current depth block belongs to the flat
area, then skip unnecessary DMMs calculation and the smaller par-
tition sizes checking. The experimental results demonstrate that
the proposed algorithm can effectively reduce the computational
complexity of the depth intra frame prediction, while maintaining
almost the same coding performance.

The rest of this paper is organized as follows. In Section 2, the
overview of the depth intra prediction in 3D-HEVC is introduced.
Section 3 presents the proposed fast depth intra coding algorithm.
Experiment results are shown in Section 4. Conclusions are drawn
in Section 5.

2. Overview of depth intra prediction in 3D-HEVC

2.1. Prediction mode selection in 3D-HEVC

As above-mentioned, a depth map consists of large flat areas
and sharp edges. Although traditional HEVC prediction modes
work well in flat areas, they are not efficient for sharp edges. For
that, DMMs were proposed [2]. Therefore, there are two classes
of depth intra prediction modes in 3D-HEVC, one is traditional
HEVC coding modes, and the other is DMMs. The traditional HEVC
prediction modes include Intra_Planar, Intra_DC and Intra_Angular
[3], where the last one has 33 different directions, as shown in
Fig. 2.

Compared with traditional HEVC intra prediction modes, DMMs
are able to better predict sharp edges in depth map. In DMMs, the
coding information of a depth block contains two parts: one is the
partitioning information, indicating which region for each sample
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belonging to; the other is the region value, recoding the depth
value of the corresponding region. There are two partitioning types
in DMM, namely Wedgelet and Contour, as shown in Fig. 3. Wed-
gelet is more proper for partitioning two regions with a straight
line. On the contrary, Contour is suitable for arbitrary segmenta-
tion, especially the depth block cannot be easily modeled by a geo-
metrical function.

The depth intra prediction mode selection process for each
depth coding block in 3D-HEVC mainly consists of four steps as fol-
lows: (1) Sum of absolute transformed difference (SATD) is calcu-
lated for 35 traditional HEVC prediction modes, and a subset of
them with smaller SATD values are added to the full-RD cost can-
didate list. The number of the subset prediction modes varies with
the size of the coding block. This step is so-called rough mode deci-
sion (RMD). (2) Most probable modes (MPMs), which are estimated
using the mode information of the neighboring blocks, are added to
the full-RD cost candidate list. (3) All DMMs are added to the full-
RD cost list. (4) Calculate the rate distortion cost (RdCost) of all
prediction modes in full-RD cost candidate list, the mode with
the smallest value is selected to be the best prediction mode.

Although the RMD stage adopted in 3D-HEVC can effectively
prevent the checking of some unlikely intra prediction modes,
there are still many candidate prediction modes needed to be
checked, for example, DMMs, which are born for edge region for
depth map. Therefore, the computational complexity is still very
high. To speed up the depth intra coding process, removing DMMs
from the full-RD cost list for prediction units (PUs) in flat area is
desirable.
(a) Wedgelet

Fig. 3. Two partition

(a) CTU partitioning                

Fig. 4. Quad-tree par
2.2. Quad-tree partition of CTU in 3D-HEVC

Different from H.264/MVC, the basic coding unit in 3D-HEVC is
called coding tree unit (CTU). Each CTU may be partitioned to one
coding unit (CU) or split into four smaller CUs which may be recur-
sively split until the minimum CU size. For each CU, one or more
prediction units (PUs) and a tree of transform units (TUs) is
involved [19,20]. All quad-tree partitions of the CTU are searched
and the appropriate coding size with the smallest RdCost is
selected.

There are four CU sizes supported in 3D-HEVC [21], i.e., 64 � 64,
32 � 32, 16 � 16, and 8 � 8. The corresponding CTU quad-tree par-
titioning strategy is the depth-first traversing, as shown in Fig. 4.
First, the 64 � 64 size block is encoded, and its RdCost is calculated.
Second, the block is split into four 32 � 32 size blocks, and recur-
sively split into its four children nodes in quad-tree partition man-
ner, until the block size reaches 8 � 8. After that, compare whether
the sum RdCost values of four children nodes is larger than the
RdCost value of parent node from bottom to top. If so, these four
children blanches are removed from the partition tree. Otherwise,
they are kept. The comparison is processed from one branch to
another in a similar manner. Finally, the optimal partitioning size
of current CTU will be determined by choosing the one with the
smallest RdCost.

Since the recursive partition process is very time-consuming, if
the optimal CU size can be earlier decided, the computational com-
plexity of 3D-HEVC will be reduced without sacrificing the coding
efficiency.
(b) Contour

types in DMMs.

      (b) Corresponding coding tree structure

titioning in CTU.
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3. Proposed algorithm

Base on the above analysis, the earlier the prediction mode and
the partitioning size can be determined, the faster the depth intra
coding of 3D-HEVC can be. Since the mode decision and partition-
ing size determination are with highly correlation with the
smoothness of a coding block, the smoothness can be expressed
by the gradient, a sum-of-gradient based fast depth intra coding
algorithm (SOG-FDIC) is proposed in this paper. With the definition
of sum-of-gradient, the smoothness of current coding block can be
estimated, which speeds up the process of mode decision and the
partitioning size determination, as described in the following two
subsections.
3.1. Fast mode decision based on sum-of-gradient

Fig. 5 shows the first frame of video sequence ‘Undo_Dancer’
and its corresponding depth map. One can see that unlike the tex-
Table 1
Test sequences for 3-views.

Test sequence Resolution Frame rate (

Poznan_Hall2 1920 � 1088 25
Poznan_Street 1920 � 1088 25
Undo_Dancer 1920 � 1088 25
GF_Fly 1920 � 1088 25
Kendo 1024 � 768 30
Balloons 1024 � 768 30
Newspaper1 1024 � 768 30
Shark 1920 � 1088 30

Table 2
The optimal mode distribution of depth intra prediction in 3D-HEVC (%).

Sequence Intra_Planar Intr

Poznan_Hall2 64.81 2
Poznan_Street 80.07 3
Undo_Dancer 69.88 3
GT_Fly 75.95 2
Kendo 82.70 4
Balloons 78.42 4
Newspaper1 68.05 7
Shark 89.35 2

Average 76.15 3

Fig. 5. The first texture frame and the correspond
ture frame, flat areas are dominant in the depth map. For example,
Fig. 5 shows the depth values of three 8 � 8 blocks that are very
often encountered in the depth map. From these data, one can
see that the depth values of left column samples and right column
samples are almost equal to 110 and 130, respectively. However,
there is a depth value gap on the boundary of right column, where
the depth values of samples abruptly change from 6 to 122.

To study the optimal mode distribution of depth intra predic-
tion in 3D-HEVC, experiments are performed on 8 test sequences
listed in Table 1, and the corresponding results are shown in
Table 2. The 3D-HEVC reference software HTM-16.1 [22] is used,
and four quantization parameters (QPs), 45, 42, 39, and 34, have
been set in depth map coding.

From Table 2, one can see that the percentage of Intra_Planar
mode being selected to be the optimal mode is about 76.15%,
and that of DMMs is only about 0.78%. In other words, DMMs are
rarely to be selected as the best depth intra prediction mode. How-
ever, in 3D-HEVC reference software, DMMs are always checked,
causing a lot of unnecessary computational load. Therefore, we
fps) Number of frames Input views

200 7-6-5
250 5-4-3
250 1-5-9
250 9-5-1
300 1-3-5
300 1-3-5
300 2-4-6
300 1-5-9

a_DC DMM Intra_Angular

.84 0.11 32.23

.26 0.72 15.79

.80 0.57 25.60

.02 0.34 21.29

.46 0.52 12.26

.95 0.90 15.64

.81 1.69 22.29

.70 1.35 6.07

.98 0.78 18.90

ing depth frame of ‘Undo_Dancer’ sequence.
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propose a fast mode decision algorithm to skip the checking pro-
cess of some unlikely DMMs. Furthermore, a depth map can be
divided into flat and edge regions in general while DMMs are
specifically designed with better edge description ability. There-
fore, if current PU belongs to the flat region, the DMM mode
checking process can be skipped. Now, the question turns into
how to determine whether the current PU belongs to a flat region
without introducing heavy computational load. For that, the sum
of Roberts gradient is utilized in this paper.

Roberts gradient operator [23] is a classic cross differential
operator with low complexity. It detects edges by computing a pair
differences between two pixels in the diagonal direction. The def-
inition of Roberts gradient is listed as follows:

rxf ¼ f ði; jÞ � f ðiþ 1; jþ 1Þ ð1Þ

ryf ¼ f ði; jþ 1Þ � f ðiþ 1; jÞ ð2Þ

Rði; jÞ ¼ jrxf j þ jryf j ð3Þ
Intuitively, if a PU locates in a flat area, the depth values in this

PU is almost the same, the sum of gradients for pixels among cur-
rent PU will be very small. Then, a sum-of-gradient (SOG) for cur-
rent PU, Scurr PU , is defined as:

Scurr PU ¼
XH�1

i¼0

XW�1

j¼0

Rði; jÞ ð4Þ

where H andW indicate the height and width of current PU, respec-
tively; Rði; jÞ is the gradient value of pixel ði; jÞ in the current PU.

Based on this, if a PU’s Scurr PU is small enough (i.e., smaller than
a preset threshold T), the current depth block can be considered as
locating in a flat region, and DMMs checking will be skipped;
Otherwise, all possible prediction modes will be checked.

Further considering that even for the same PU, different QPs
result in the different details of content, the Scurr PU will vary with
QP values, and the threshold T thus cannot be a fixed number.
Moreover, the Intra_Planar is more suitable for coding the flat
Table 3
Hit rate of the proposed fast mode decision algorithm (%).

Sequence PðBestMode! ¼ DMMjScurr PU < TÞ
Poznan_Hall2 99.94
Poznan_Street 98.86
Undo_Dancer 99.16
GT_Fly 98.94
Kendo 99.73
Balloons 99.51
Newspaper1 98.01
Shark 99.26

Average 99.18

Fig. 6. The flowchart of the proposed SOG
region, which means that the PU with Intra_Planar as the best
mode will be more likely to fall in flat region. Thus, the SOG of
all encoded ‘‘Intra Planar PUs” (the best mode of PU is Intra_Planar)
can be set as the threshold for smoothness criterion. The threshold
T will be automatically updated when a new Intra Planar PU
appears, which can be adapted to the sequence content. Since
Scurr PU significantly changes with the size of PU, the threshold
should be independent for each size, respectively.

In order to verify the effectiveness of the above-mentioned
early termination scheme, the probability of using conventional
HEVC intra prediction mode as the best mode when Scurr PU is smal-
ler than the adaptive threshold T is shown in Table 3. It can be
noticed that the average hit rate using the proposed SOG scheme
is about 99.18%, with various motion activities. In other words,
the proposed SOG-based DMM skipping scheme is able to accu-
rately skip those unlikely DMM checking process. The flowchart
of the proposed SOG-based fast mode decision algorithm is shown
in Fig. 6, where BestMode represents the best prediction mode of
current PU.

3.2. Early partitioning size determination based on sum-of-gradient

It is known that the block size is highly related to the content,
namely, large block size is more suitable for encoding the flat area
while the smaller block size is more proper for the complex one
[24]. Since there are a lot of large flat areas with similar or even
identical values in depth sequences, for depth map, the probability
of using large size block is much greater than that of small sizes. It
is obviously that if the exhaustive partition size searching method
is used in 3D-HEVC, a great deal of time will be spent on checking
unnecessary smaller size partition, resulting in a lot of computa-
tional load.

To address this problem, it is essential to analyze the partition-
ing size determination algorithm in 3D-HEVC. In 3D-HEVC, Rate
Distortion Optimization (RDO) function is adopted to select the
best partitioning size [25]. The RDO function is listed as follow:
-based fast mode decision algorithm.

Table 4
Hit rate of the proposed early partitioning size determi-
nation algorithm (%).

Sequence Pðoptimal partitionjScurr PU ¼ 0Þ
Poznan_Hall2 99.89
Poznan_Street 99.66
Undo_Dancer 99.69
GT_Fly 99.57
Kendo 99.93
Balloons 99.86
Newspaper1 99.50
Shark 99.90

Average 99.75
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RdCost ¼ Dþ kR

¼ Dþ kRðhead informationþ segment informationÞ
¼ Dþ kRðhead informationÞ þ kRðsegment informationÞ

ð5Þ
Fig. 7. The flowchart of early par

Fig. 8. The flowchart of th
where RdCost is the rate distortion cost of current block; D denotes
the distortion between the reconstructed block and the original
one; R describe the number of output bits presenting the encoded
current block; k is the Lagrange multiplier. In formula (5), the num-
ber of output bits R includes the head information, segmentation
tition termination algorithm.

e proposed algorithm.
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information, and so on. The head information includes the index of
the current prediction mode, the partitioning type of PU, and PCM
flag. The segmentation information consists of the Coded Block Flag
(Cbf), TU segmentation flag, etc.

Generally, if the current coding block belongs to a flat area, it is
unnecessary to do further partitioning. This is because that for the
flat area, if the exhaustive partitioning process continues (i.e., a
smaller block size is used), the head information and the segment
information will be increased, while the distortion D remains
almost unchanged. Consequently, the RdCost is increased, and the
smaller block size will thus not be selected. Based on the above
observation, we propose an early partition termination strategy.
If the coding block belongs to a flat area, the current partition size
is directly decided as the best partitioning size and no further par-
tition is needed. For that, SOG as described in previous subsection
can be used to decide whether the current coding block locates in a
flat area. Obviously, if SOG of the current depth block is equal to
zero, the pixel values in this depth block keep unchanged, then this
block should be located in a flat area. To set a strict condition for
maintaining the coding efficiency, we select 0 as the threshold to
decide whether the current CU is in flat area and thus the further
partition is needed or not.

In order to verify the validity of this hypothesis, we calculate
the hit rate of current partition method chosen as the optimal
one when SOG of current block equals to zero, as shown in Table 4.
It can be found that the average accuracy of the proposed early par-
tition termination algorithm is about 99.75%. Therefore, the pro-
posed early portioning size determination scheme is able to
reduce the computational complexity without sacrificing the cod-
ing efficiency. The flowchart of the proposed algorithm is shown
in Fig. 7, where N represents the width of current PU.
3.3. Algorithm description

To free 3D-HEVC from the time-consuming prediction mode
selecting and the exhaustive CU partitioning processes, a sum-of-
Table 5
Main test configurations.

Input video sequence: 3 viewpoints
8-bit input data to be used

Inter-view coding structure: center-left–right
DMM: ON

Texture QP values: 40, 35, 30, 25
Depth QP values: 45, 42, 39, 34

Full resolution of video and depth
Texture SAO: ON Depth SAO: OFF

RDOQ: ON

Table 6
Fast depth intra encoding algorithm comparison.

Sequence BD-rate loss at synthesized view

[14] [15] Propo

Balloons 0.0% 0.1% 0.4%
Kendo 0.0% 0.0% 0.5%
Newspaper1 0.0% 0.2% 0.4%
GT_Fly 0.0% 0.0% 0.9%
Poznan_Hall2 0.1% 0.5% 0.9%
Poznan_Street 0.0% 0.0% 0.6%
Undo_Dancer 0.1% 0.2% 0.4%
Shark 0.0% 0.0% 0.3%

1024 � 768 0.0% 0.1% 0.4%
1920 � 1088 0.0% 0.0% 0.6%

Average 0.0% 0.1% 0.5%
gradient based fast depth intra coding algorithm (SOG-FDIC) is pre-
sented as follows. And Fig. 8 shows the flowchart of the proposed
algorithm.

(1) Initialize. For each new frame, set T = 0, N = PUsize, Skip-
Flag = 0, where ‘SkipFlag’ is a flag to indicate whether to skip
the smaller partition size.

(2) If SkipFlag = 1, terminate checking the current CU and its
sub-CUs, go to step (11). Otherwise, go to step (3).

(3) Select a subset of 35 traditional HEVC prediction modes by
using rough mode decision (RMD) together with most prob-
able mode (MPM) to full-RD cost candidate list.

(4) Calculate SOG of current PU. If Scurr PU = 0 or N = 4, then set
SkipFlag to 1 and go to step (7). Otherwise, set SkipFlag to 0
and proceed to next step.

(5) If Scurr PU < T , go to step (7). Otherwise, go to step (6).
(6) Add DMMs to full-RD cost candidate list.
(7) Compute the RD costs of all the modes in full-RD cost candi-

date list and select the one with the minimum RD cost as the
best prediction mode.

(8) If the best prediction mode is Intra_Planar, update the
threshold T.

(9) If N = 4, then go to step (11). Otherwise, go to next step.
(10) N ¼ N=2 (Doing quad-tree partitioning for current CU), and

go to step (2).
(11) Check for next quad-tree branch.

4. Experimental results

4.1. Coding performance and complexity comparison

To demonstrate the effectiveness of the proposed algorithm,
experiments are performed in reference software HTM-9.1 [21]
and HTM-16.1 [22] platform respectively, under the common test
conditions (CTC) [26], where the main test configurations are listed
in Table 5. The coding performance is measured in terms of BD-rate
[27], which shows the bitrate changes compared with the original
3D-HEVC. Test sequences are all with three-view cases.

To have a fair comparison with the state-of-the-art fast depth
intra coding methods [14,15], we firstly incorporate the proposed
method based on the same platform HTM-9.1. And the results
are documented in Table 6. One can see that the proposed algo-
rithm SOG-FDIC achieves more encoding time saving for depth
map coding with similar BDBR change. Since sequences ‘Poz-
nan_Street’ and ‘Undo_Dancer’ contain a lot of complex regions,
the complexity reduction gains of these two sequences are obvi-
ously inferior to other sequences, especially those sequences with
more flat regions (e.g., ‘Poznan_Hall’ and ‘Kendo’). This is due to
time saving of depth video

sed [14] [15] Proposed

16.2% 24.6% 35.3%
17.7% 27.9% 39.1%
11.3% 15.5% 32.0%
16.6% 22.7% 25.8%
20.1% 37.6% 46.5%
17.6% 9.2% 18.6%
19.0% 24.8% 21.0%
18.4% 15.2% 29.9%

15.1% 22.7% 35.4%
18.3% 21.9% 28.3%

17.1% 22.2% 31.0%



(a) Balloons (b) Poznan_Hall2

(c) Poznan_Street            (d) Kendo

(e) GT_Fly (f) Newspaper1

Fig. 9. RD curves of the proposed algorithm, methods presented in [14,15], and 3D-HEVC.
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that the proposed method mainly lies on the flat area. Further-
more, Fig. 9 presents the RD curves of 3-view sequences by the
proposed fast depth intra coding, the state-of-the-art methods
[14,15], and the original 3D-HEVC. In Fig. 9, the RD curves for
diverse video sequences of four algorithms are almost overlapped,
the magnified comparison RD curves for Poznan_Hall2 sequence
are also shown in Fig. 10, these figures suggest that the proposed
algorithm is able to achieve almost the same RD performance as



Table 7
Experimental results for 3-view case under CTC, all intra.

Sequence Video PSNR/video bitrate Video PSNR/total bitrate Synth PSNR/total bitrate Enc time Dec time Ren time

Balloons 0.0% 0.0% 0.0% 74.2% 98.0% 99.5%
Kendo 0.0% 0.0% 0.1% 72.0% 98.9% 99.1%
Newspaper1 0.0% 0.0% 0.2% 77.7% 99.5% 98.2%
GT_Fly 0.0% 0.0% 0.0% 87.0% 98.4% 102.2%
Poznan_Hall2 0.0% 0.0% 0.1% 65.9% 99.6% 103.5%
Poznan_Street 0.0% 0.0% 0.0% 85.0% 99.3% 100.2%
Undo_Dancer 0.0% 0.0% 0.0% 82.4% 99.8% 105.3%
Shark 0.0% 0.0% 0.0% 81.0% 101.6% 103.3%

1024 � 768 0.0% 0.0% 0.1% 74.7% 98.8% 98.9%
1920 � 1088 0.0% 0.0% 0.0% 80.3% 99.7% 102.9%

Average 0.0% 0.0% 0.0% 78.2% 99.4% 101.4%

Fig. 10. The magnified comparison RD curves for Poznan_Hall2 sequence.
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that of the exhaustive mode decision and exhaustive quad-tree
searching in 3D-HEVC.

In addition, we also implement our proposed algorithm in the
latest 3D-HEVC reference software HTM-16.1. The coding perfor-
mance of three-view case under CTC for all intra case for various
sequences are presented in Table 7.

In Table 7, Video PSNR/video bitrate: The BD-rate performance
of the coded texture views over the bitrate of texture data; Video
PSNR/total bitrate: The BD-rate performance of the coded texture
views over the bitrate of both texture and depth maps; Synth
PSNR/total bitrate: The BD-rate performance of the synthesized
texture views over the bitrate of both texture and depth maps;
Enc time: Running time of the encoder; Dec time: Running time
of the decoder; Ren time: Running time for synthesizing the views
by DIBR.

As shown in Table 7, compared with the latest 3D-HEVC refer-
ence software (i.e., HTM 16.1), the proposed method is able to
maintain the reconstructed video quality for both depth map and
synthesized views and the bit rate. Meanwhile, about 21.8% com-
putational load is reduced by the proposed method. Moreover,
decoding time and synthesized time is almost unchanged.
4.2. The synthesized video quality comparison

In addition, Fig. 11 shows the synthesized virtual views ren-
dered by DIBR based on the original texture and depth videos
(without coding) and these decoded ones resulted from the pro-
posed method, respectively. With 3-view input sequences, there
are two virtual views synthesized by DIBR. The QP of texture video
and depth video are 25 and 34, respectively. The synthesis view
camera numbers of these two virtual views are 0.5 and 1.5. It
can be observed that there is no visible difference between them,
no matter the slow motion sequences, like ‘Newspaper1’, or fast
motion sequences, like ‘GT_Fly’. It means that the proposed
method is able to keep almost the same synthesized video quality.
5. Conclusion

In this paper, an effective depth intra coding algorithm for
depth map sequence has been proposed, named Sum-of-Gradient
Based Fast Depth Intra Coding (SOG_FDIC). To speed up the depth
intra coding, the sum of gradient is compared with an adaptive
threshold to decide whether the current block is flat region. If so,
unnecessary DMM calculation can be skipped. Furthermore, the
interactive quad-tree CU partitioning is early terminated in case
that the current coding block belongs to an absolutely flat area.
Extensive experimental results have shown that compared with
the 3D-HEVC reference software, the proposed algorithm can
achieve 21.8% encoding time saving, on average, while maintaining
almost the same coding efficiency. Moreover, it has been demon-
strated that the proposed method outperforms the state-of-the-
art methods.



(a) Newspaper1 (1024×768)

 (b) GT_Fly (1920×1088)

Fig. 11. Subjective comparison for the synthesized views (5-th frame for each sequence) directly using the original texture and depth videos (without coding) and the
decoded ones resulted from the proposed method, respectively displayed in the first and second rows.
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