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Multi-view video plus depth (MVD) is presented as one of 3D video formats. With 

color and depth videos, virtual views can be synthesized using depth image based ren-

dering. Due to high complexity of 3D video coding, reduction of the time complexity of 

depth video coding is essential to success of MVD. Thus, this paper proposes a fast 

mode decision scheme for depth video coding, aiming at speeding up both mode deci-

sion and synthesized-view distortion estimation simultaneously. The proposed scheme 

includes two stages. First at all, features of color and depth videos are referred to reduce 

the candidates for mode decision with high prediction accuracy and negligible degrada-

tion of rate-distortion (RD) performance. For a depth macroblock (MB) having the 

co-located MB with high complexity of vertical texture in the reconstructed color video, 

the second stage further selects the optimal mode using the synthesized-view distortion 

directed RD cost to reduce the synthesized-view distortion. For fast estimation of syn-

thesized-view distortions, a mathematical approximation of a previous synthesized-view 

distortion function that mimics view rendering is proposed. Experimental results con-

ducted by JMVC 6.0.3, the reference software of H.264/MVC, show that the proposed 

scheme achieves significant time reduction with negligible RD performance degradation. 

 

Keywords: depth video coding, multi-view video coding (MVC), fast mode decision, 

rate-distortion cost (RD cost), synthesized-view distortions. 

 

1. INTRODUCTION 
 

Nowadays, 3D technologies are emerged due to requirements of entertainments such 

as three-dimensional television (3DTV) and free viewpoint video (FVV) [1, 2, 3]. To 

compress 3D videos efficiently, Joint Video Team (JVT) has finalized the multi-view 

video coding standard (MVC) [4] in early 2008. The multi-view video plus depth (MVD) 

format, enabling depth image based rendering (DIBR), is introduced to 3DTV systems 

and adopted by MPEG-3DV [5, 6, 7], where plans of standardization of 3D video coding 

(3DVC) [8] are still in progress. After the MVD data is encoded on a 3D server, the 

compressed data is stored on 3D Blu-ray discs or transmitted over the network to a 3D 

receiver for displaying. Being a 3D server, the requirements of a personal computer (PC) 

are indicated in call for proposals on 3D video coding [9]. Coding of MVD incurs heavy 

computational overhead since it explores spatial, temporal, interview, and even inter-data 

(between color and depth videos) redundancies. For MVC, mode decisions with motion 

and disparity estimations lead to high computational load of 3D servers. Generally, the 

characteristic of a depth video differs from that of a color video although they represent 

the same scene. Moreover, it is color video but not depth video perceived by users. Hence, 
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problems of fast mode decision for coding of MVD are not completely identical to those 

for color video coding. Besides time reduction and RD performance, fast algorithms of 

depth video coding should also retain the quality of synthesized views. 

A depth map and its corresponding color video represent the same scene. Hence, 

one macroblock (MB) in a depth video will be coded by SKIP if its co-located MB in the 

color video is coded by SKIP for fast depth video coding, proposed in [10]. Optimal 

modes of depth video coding are not always correlated with those of color video coding 

since depth and color videos have different texture characteristics. Thus, fast mode deci-

sion of depth video coding will test both SKIP and Intra modes if the corresponding MB 

in the color video is coded by either Inter or SKIP mode in [11]. Speed-up of depth video 

coding can be achieved by assigning different sets of candidates to different regions of a 

depth map for fast mode decision. For non-region-of-interests with small rate-distortion 

(RD) cost of Inter 16×16 mode, only SKIP mode is tested in depth video coding using 

H.264/AVC in [12]. In a depth video, for boundaries with the co-located MBs in the col-

or video coded by Intra modes, background with the stationary co-located MBs in the 

color video, and foreground, SKIP and Intra modes are tested in depth video coding using 

H.264/AVC, proposed in [13]. Since the probability mass function (PMF) of optimal 

mode of depth video coding is usually imbalanced in blocks with small variances, the set 

of candidates for mode decision of depth video coding using H.264/AVC in regions with 

small variances can be reduced [14, 15].  

The quality of synthesized views is related to that of reconstructed color and depth 

videos. The quality of reconstructed depth videos can be improved with the aid of 

post-processing, e.g. bilateral filter, for artifacts removal and edge preservation [16, 17]. 

Reducing distortions of synthesized views in rate-distortion optimization (RDO) of depth 

video coding is another method [18, 19, 20]. With the help of camera matrices, distor-

tions of synthesized views can be estimated from distortions of depth maps and charac-

teristics of scenes [18]. An accurate function for synthesized view distortion change, with 

a renderer model for fast computation, is integrated into RDO of the reference software of 

high efficiency video coding [19]. Alternatively, the synthesized view distortion function 

can be estimated using both the characteristic of vertical texture of color videos and cod-

ing errors of depth maps, mimicking the rendering process [20]. 

This paper proposes a fast mode decision algorithm for depth video coding using 

H.264/MVC. Different from previous work, the first part reduces the candidates for the 

mode decision of depth video coding by referring to the information of color and depth 

videos simultaneously. Both the features of the neighboring MBs and the current MB are 

considered. Probabilistic analyses in this paper indicate that the candidate set for fast 

mode decision, achieving negligible degradation of RD performance, should include 

modes in addition to direct/SKIP and Intra modes. Next, in order to reduce the distortions 

of synthesized views, mode decisions are made based on virtual-view distortion directed 

RD cost. To speed up the computation, this paper proposes a fast approximation of the 

distortion function of Oh et al [20]. The remainder of this paper is organized as follows. 

Section 2 proposes the fast mode decision algorithm for depth video coding based on 

probabilistic analyses of mode decisions. Section 3 proposes fast approximation of dis-

tortion estimation of synthesized views. Section 4 presents experimental results and anal-

yses. Conclusions are given in Section 5. 
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2. THE PROPOSED FAST MODE DECISION FOR DEPTH VIDEO 
CODING USING MVC 

To reduce the candidates for fast mode decision of depth video coding, this section 

analyzes the probability mass function (PMF) of mode decision of depth video coding 

using a 3-view prediction structure (Fig. 1), and proposes a fast mode decision algorithm. 

The group of picture (GOP) is 8. Frames indexed by T0 and T8 are anchor frames. The 

others are non-anchor ones. S0, S1, and S2 are the base view, the 1
st
 enhancement view, 

and the second enhancement view, respectively. Tests are conducted using JMVC 6.0.3, 

the reference software of MVC, for both color and depth video codings. Depth video 

coding is applied after color video coding. Coding statistics of Book_Arrival (1024×768, 

97 frames, and search range is 96.), Kendo (1024×768, 297 frames, and search range is 

96.), Poznan_Hall2 (1920×1088, 193 frames, and search range is 128.), and Un-

do_Dancer (1920×1088, 249 frames, and search range is 128.) from MPEG 3-DV AHG, 

is analyzed. Among these videos, only Undo_Dancer is computer generated. Kendo has 

high object motion. Data given in Tables 1-5 is an average of data of three views. 

In H.264/MVC, the supported MB modes include SKIP, direct, Inter 16×16, Inter 
16×8, Inter 8×16, Inter 8×8, Intra 16×16, and Intra 4×4. Inter 8×8 can be further divided 

into Inter 8×8, Inter 8×4, Inter 4×8, and Inter 4×4. The time complexity of direct mode is 

quite low, compared with the other coding modes. Lagrangian optimization decides the 

optimal mode, and the RD cost is calculated by [21] 

),(),SSD()|,( kkk ISRISISJ kmodekmodekmode λλ += ,         (1) 

where 
kS and 

kI  denote the kth MB and the corresponding MB mode, respectively. 

modeλ  is the Lagrange parameter for mode decision and varies with QP, the quantization 

parameter. ),SSD( kISk
 is the sum of squared difference between the reconstructed MB 

and the original MB, and ),( kISR k
 is the rate after entropy coding. Based on tests us-

ing different QPs and videos, encoding time of depth videos using H.264/MVC occupies 

around half of the total coding time of MVD, where the mode decision with motion and 

disparity estimations occupies a high percentage of time. Analyses of PMFs of optimal 

mode of color and depth video codings indicate that the probability that direct mode is 

optimal increases with QP. Moreover, for both color and depth video codings, direct 

mode always occupies the largest proportion of optimal modes and the probability is at 

least 50%. The prior probability that either the optimal mode of the co-located MB in the 

corresponding color video or a neighboring MB in a depth video is direct mode is high. 

This motivates us to explore the conditional probabilities related to direct mode (Section 

2.1) to speed up mode decision of depth video coding (Section 2.2). 

 

 
Fig. 1. The adopted 3-view prediction structure for depth video coding. 
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2.1 Probabilistic Analyses of Mode Decision of Depth Video Coding Using MVC 

 

A color video and its corresponding depth video represent the same scene. Test re-

sults show that the conditional probability of optimal mode is direct in depth video cod-

ing is always the largest given that the optimal mode of the co-located MB of the corre-

sponding color video is direct. However, this probability decreases in case of a dynamic 

video, e.g. Kendo (63.36% for QP22 and 81.3% for QP37). Inter 16×16, Inter 16×8, Inter 

8×16, and Intra 16×16 also occupy a significant proportion of optimal modes. However, 

the probability of Inter 8×8 is very small, ranging from 0% to 0.58%. The probability of 

Intra 4×4 is small sometimes. In fact, the characteristic of a depth video quite differs from 

that of its corresponding color video. Most regions of depth videos are smooth except that 

only a few contain sharp edges. Thus, the correlation of optimal modes between the cur-

rent depth MB and its neighboring MBs, including the upper, left, upper left, and upper 

right MBs, are analyzed given that the optimal mode of the current MB is direct. The 

result shows that the optimal mode of the upper MB has the highest correlation with that 

of the current MB. Thus the optimal mode of the upper MB can characterize the coding 

information of the neighborhood. For Book_Arrival, Poznan_Hall, and Undo_Dancer, 

the conditional probability that the optimal mode is direct is greater than 90% for small 

QPs, e.g. QP22, and it increases with QP. Again, the probability is slightly lower for 

Kendo, 82.84% for QP22 and 91.97% for QP37, due to the dynamic content of Kendo. 

In Yooh et al [15], intra mode decision of depth video coding is speed up in regions 

with small variances, using an adaptive threshold to avoid distortions of boundaries, 

       5QP%22QP/2215 −+×=intraT                (2) 

Inspired by this work, the conditional probability that the optimal mode of the current 

depth MB is direct is analyzed given that both of optimal modes of its co-located MB in 

the color video and upper MB in the current depth frame are direct modes and the vari-

ance of intensity in the current MB is small, i.e. not greater than the threshold, T1. In the 

test, T1 ranges from 0 to 100. For Book_Arrival, Poznan_Hall2, and Undo_Dancer, the 

probability is high for all combinations of T1 and QPs. The probability ranges from 

94.47% (Kendo) to 97.16% (Book_Arrival) for QP22 and T1=0. However, since Kendo 

has higher object motion, the probability is less than 90% for QP22 and T1=10. Interest-

ingly, Tintra is 10 for QP 22 in (2). Thus, this paper adopts (2) to detect regions with small 

variance in the following analyses. Given that both of the optimal modes of the corre-

sponding MB in the color video and upper MB in the depth video are direct, and the var-

iance of the current MB in the depth video is small, our analysis shows that the probabil-

ity that the optimal mode of the current MB is either direct or Inter16×16 is greater than 

97% for all combinations of QP and video. Regarding that both of the optimal modes of 

the corresponding MB in the color video and upper MB in the depth video are direct, and 

the variance of the current depth MB is not small, the conditional probability that the op-

timal mode is Inter 8×8 is 0.7% and 2.80% for Book_Arrival (QP22) and Kendo (QP22), 

respectively (Table 1). Let A denote the event that both the optimal modes of the 

co-located MB in the corresponding color video and the upper MB in the current frame 

of the depth video are direct modes and the variance of the current MB is not small. Let B 

denote the event that both the optimal modes of the co-located MB in the corresponding 

color video and the upper MB in the current frame of the depth video are direct, the vari-

ance of the current MB is not small, and the optimal mode of the current MB is Inter 8×8.  
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Table 1. The conditional PMF of optimal mode in the depth video given that both of the 

optimal modes of the corresponding MB in the color video and upper MB in the depth 

video are direct and the variance of the current MB in the depth video is not small. 

 Book_Arrival Kendo 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  93.03% 92.21% 12.01% 64.84% 

Inter 16×16 4.61% 5.79% 33.83% 21.85% 

Inter 16×8 0.66% 0.66% 13.52% 3.79% 

Inter 8×16 0.49% 0.53% 8.70% 2.85% 

Inter 8×8 0.70% 0.05% 2.80% 0.19% 

Intra 16×16 0.19% 0.60% 12.95% 5.37% 

Intra 4×4 0.32% 0.19% 16.09% 0.04% 

 Poznan_Hall2 Undo_Dancer 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  40.08% 90.40% 44.20% 90.74% 

Inter 16×16 27.05% 7.31% 37.60% 7.11% 

Inter 16×8 9.41% 0.85% 6.00% 0.73% 

Inter 8×16 3.78% 0.69% 4.98% 0.83% 

Inter 8×8 0.94% 0.02% 5.45% 0.10% 

Intra 16×16 16.82% 0.67% 0.69% 0.11% 

Intra 4×4 1.91% 0.07% 1.08% 0.40% 

   

Analyses show that P(A) are 21.57%, 1.51%, 0.41%, and 0.20% for Book_Arrival, Kendo, 

Poznan_Hall2, and Undo_Dancer, encoded by QP22, respectively. Accordingly, P(B) 

are 0.15% and 0.04% for Book_Arrival (QP22) and Kendo (QP22), respectively. P(A) 

changes with videos and thus it may be high, e.g. Book_Arrival. However, Inter 8×8 can 

be still skipped in the fast mode decision since P(B) is very small. 

Given the optimal mode of the upper MB of depth videos is not direct mode while 

the optimal mode of its co-located MB of the corresponding color video is, the condi-

tional PMF of optimal mode of the current MB is shown in Table 2 and the following 

observations are made. First, the conditional probability of Intra 4×4 with modes 3-8 is 

very low. Hence, these modes can be skipped. Here, the variance of the current MB is not 

considered since modes 3-8 of Intra 4×4 are always skipped due to their low probability. 

Secondly, the conditional probabilities of Inter 8×8 are 2.57% and 1.05% for 

Book_Arrival (QP22) and Kendo (QP22), respectively. The conditional probabilities of 

Intra 4×4 with modes 0 and 1 range from 0.92% to 1.73% for Book_Arrival (QP22) and 

Kendo (QP22), respectively. Although these probabilities are not small and thus these 

modes should not be skipped, our analysis shows that the prior probabilities that the op-

timal mode of the upper MB is not direct while that of the co-located MB in the corre-

sponding color video is direct are 8.99% and 21.58% for Book_Arrival (QP22) and Ken-

do (QP22), respectively. Let E denote the event that the optimal mode of the current MB 

in a depth video is Inter 8×8 and the optimal mode of the co-located MB in the corre-

sponding color video is direct. Accordingly, P(E) is around 0.23% for both Book_Arrival 

and Kendo. That is, for one depth frame with 3072 MBs, there is about 7 MBs on average 

with the optimal mode Inter 8×8. Since Inter 8×8 is much more complex than modes 0 

and 1 of Intra 4×4, the fast mode decision should skip Inter 8×8. 
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Table 2. Conditional PMF of optimal mode of depth video coding given that the optimal 

mode of the co-located MB in the corresponding color video is direct but the optimal 

mode of the upper MB in the depth video is not. 

 Book_Arrival Kendo 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  39.09%  45.03% 22.85% 30.32% 

Inter 16×16 30.73%  28.85% 27.42% 23.17% 

Inter 16×8 4.79% 3.46% 5.10% 2.70% 

Inter 8×16 4.06% 2.34% 4.71% 2.11% 

Inter 8×8 2.57% 0.12% 1.05% 0.10% 

Intra 16×16 11.68% 18.43% 28.91% 40.2 % 

Intra 4×4  

mode 0 1.26% 0.14% 1.73 % 0.07 % 

mode 1 0.99% 0.06% 0.92% 0.02% 

mode 2 4.24% 1.53% 6.87% 1.26% 

modes 3-8 0.59% 0.05% 0.44% 0.02% 

 Poznan_Hall2 Undo_Dancer 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  26.27% 22.07%  51.20%  41.45 % 

Inter 16×16 35.72% 38.34% 44.46 % 39.79 % 

Inter 16×8 3.18 % 4.87 % 1.35 % 3.15 % 

Inter 8×16 3.07 % 2.11 % 1.29 % 4.26 % 

Inter 8×8 0.08 % 0.01 % 0.41 % 0.27 % 

Intra 16×16 31.08% 32.48% 1.22 % 10.77 % 

Intra 4×4  

mode 0 0.04% 0.01% 0.00% 0.01 % 

mode 1 0.01% 0.00% 0.00% 0.00% 

mode 2 0.54% 0.11% 0.07% 0.06% 

modes 3-8 0.00% 0.00% 0.05% 0.09% 

Given that the optimal mode of the co-located MB in the corresponding color video 

is not direct and the variance of intensity in the current depth MB is small, the conditional 

PMF of optimal mode of depth video coding is provided in Table 3. On average, Inter 

8×8 has the lowest probability among all modes and thus it can be eliminated from the set 

of candidates for fast mode decisions. Book_Arrival coded with QP22 has the highest 

probability, 0.08%, of Inter 8×8. Modes 3-8 of Intra 4×4 also occupy low percentage 

except Book_Arrival (QP22). For Book_Arrival coded with QP22, the probability of 

modes 3-8 of Intra 4×4 is 0.59%. However, the prior probability that the optimal mode of 

the co-located MB in the corresponding color video is not direct and the variance of in-

tensity in the current MB is small is 18.98% for Book_Arrival (QP22). Accordingly, the 

probability that the optimal mode of the co-located MB in the corresponding color video 

is not direct, the variance of intensity in the current MB is small, and the optimal mode is 

Intra 4×4 with modes 3, 4, 5, 6, 7, or 8 is 0.11% for Book_Arrival (QP22), very low. 

Thus, modes 3-8 of Intra 4×4 can be also reduced for fast mode decisions of depth video 

coding. Finally, we also analyze the conditional PMF of optimal mode in depth video 

coding given that the optimal mode of the co-located MB in the corresponding color 

video is not direct and the variance of intensity in the current MB is not small. The PMF 

is not as imbalanced as the PMFs in Tables 1-3. Moreover, there is not any mode with 

very low conditional probability. For QP 22, the conditional probability of Inter 8×8  
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Table 3. Conditional PMF of optimal mode of depth video coding given that the optimal 

mode of the co-located MB in the corresponding color video is not direct and the vari-

ance of intensity in the current MB of the depth video is small. 

 Book_Arrival Kendo 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  38.25% 31.91% 35.87%  32.03 % 

Inter 16×16 21.44% 22.23% 20.86% 14.17%  

Inter 16×8 2.26 % 2.82 % 2.05 % 1.49%  

Inter 8×16 1.94 % 1.69 % 1.84 % 0.79 % 

Inter 8×8 0.08 % 0.00 % 0.05 % 0.00 % 

Intra 16×16 24.97% 40.59% 33.32% 50.64% 

Intra 4×4  

mode 0 1.67 % 0.02 % 0.73 % 0.01 % 

mode 1 0.83 % 0.01 % 0.37 % 0.01 % 

mode 2 8.13 % 0.71 % 4.78 % 0.67 % 

modes 3-8 0.43 % 0.00 % 0.13 % 0.00%  

 Poznan_Hall2 Undo_Dancer 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  45.92% 44.87% 58.76%  55.97 % 

Inter 16×16 22.43% 17.57% 21.78 % 20.74 % 

Inter 16×8 1.33 % 2.88 % 1.04 % 1.89 % 

Inter 8×16 1.03 % 0.62%  0.78 % 0.56 % 

Inter 8×8 0.01 % 0.00 % 0.02 % 0.00 % 

Intra 16×16 28.04% 34.01% 17.21 % 20.77 % 

Intra 4×4  

mode 0 0.05 % 0.00 % 0.01 % 0.00 % 

mode 1 0.01 % 0.00 % 0.00 % 0.00 % 

mode 2 1.16 % 0.06 % 0.40 % 0.07 % 

modes 3-8 0.01 % 0.00 % 0.00 % 0.00%  

 

ranges from 2.65% to 11.4%, and the conditional probability of Intra 4×4 ranges from 

0.56% to 7.42%. Thus, fast mode decision should not be applied in this case. 

 
2.2 Fast Mode Decision for Depth Video Coding 

 

According to probabilistic analyses in the previous subsection, the proposed fast 

mode decision algorithm for depth video coding using MVC is summarized as follows 

(Fig. 2). Since non-anchor frames are coded by referring to the coding information of 

anchor frames, the quality of anchor frames is more important. To avoid error propaga-

tion, we apply the fast mode decision to non-anchor frames only. For fast mode decision 

of depth video coding, one of the following five sets is selected for each MB. (i) If both 

of the optimal modes of the co-located MB in the corresponding color video and the up-

per MB in the current depth frame are direct, and the variance of intensity of the current 

MB of the current depth frame is small, only direct and Inter 16×16 modes will be tested. 

(ii) If both the optimal modes of the co-located MB in the corresponding color video and 

the upper MB in the current depth frame are direct, and the variance of intensity of the 

current MB in the depth frame is not small, the fast algorithm will skip Inter 8×8. (iii) If 

the optimal mode of the co-located MB in the corresponding color video is direct and the 

optimal mode of the upper MB in the depth frame is not direct, the fast algorithm will 
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Fig. 2. The flow chart of the proposed fast mode algorithm for depth video coding. 

 

skip modes 3-8 of Intra 4×4. (iv) If the optimal mode of the co-located MB in the corre-

sponding color video is not direct and the variance of intensity of the current MB of the 

depth frame is small, Inter 8×8 and modes 3-8 of Intra 4×4 will be skipped. (v) If the op-

timal mode of the co-located MB in the corresponding color video is not direct, and the 

variance of intensity of the current MB in the depth frame is not small, the set of candi-

dates for mode decision will not be reduced. 

3. THE PROPOSED FAST APPROXIMATION OF DISTORTION ES-
TIMATION OF SYNTHESIZED VIEWS 

For FVV, it is the color video instead of the depth video displayed to end users. 

Among previous schemes that measure distortions of synthesized views, a rendering view 

distortion function measures quality of a synthesized view based on both the errors of 

depth video coding and the complexity of vertical texture of the co-located MB in the 

corresponding color video [20]. To speed up mode decision of depth video coding while 

retain the quality of synthesized views simultaneously, this section proposes a mathemat-

ical approximation of the distortion function in [20] for speedup of computation of dis-

tortions. The distortion measure is incorporated into the proposed fast mode decision. 

Since the horizontal shift of warped position in a synthesized view can be derived 
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from coding errors of depth videos by using camera matrices, a distortion function for 

one MB of a synthesized view is defined by Oh et al [20] 
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where 
kC and 

kD  are the kth pixel in the original color and depth videos, respectively, 

kC
~

 and 
kD

~
 are the kth pixel in the reconstructed color and depth videos, respectively, 

and 
kC∆  is the coding error of the kth pixel in the color video. ),( DC PPf  is a warping 

function, synthesizing one pixel in the color video of a virtual view by using the pixel 

CP in the color video and pixel 
DP  in the depth video. Since this paper targets at 

speed-up of depth video coding but not color video coding, 2),( kk DCf ∆  does not vary 

with the mode decision of depth video coding. Accordingly, only 
2

),
~

,
~

(),
~

(∑ − kkkk DCfDCf  of (3) is estimated. 

Instead of the intensity of a synthesized pixel, the coding error of the kth pixel, 

kD∆ , in the depth video changes the warped position. For further analysis, the following 

assumptions are made. (i) To estimate the pixel-wise distortion in the synthesized view, 

only the current pixels 
kC and 

kD  are distorted to be 
kC

~
 and 

kD
~

. (ii) By using linear 

interpolation for warping, the warped position in the synthesized view corresponding to 

the kth pixel in the original view will be located between )1( ′−k  and )1( ′+k . (iii) The 

MVD is captured using 1-D parallel camera configuration. The pixel-wise distortion at 

the instead of the intensity of a synthesized kth pixel can be approximated as sum of two 

triangles with translational rendering position error, 
kD∆α  [20, 22]. Thus, 

synthesisSSD  

in (3) is rewritten by [19] 

 

∑

∑

∑

+−

+−

−+−∆=

−+−∆≅

=

k kkkkk

k kkkkk

k avgsyntesis

CCCCD

CCCCD

kDSSD

2

11

2

2

11

2

]
~~~~

[
4

1
                

]
~~~~

[
2

1
                 

)(

α

α
           (4) 

where )(kDavg
 is the distortion of the kth pixel in the synthesized view, caused by both 

kD∆  and vertical texture of the reconstructed color video, and 
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where f is the focal length of a camera, L is the baseline between the original and synthe-

sized views, and 
nZ  and 

fZ  are the minimal and the maximal depth values in the sce-

ne, respectively. 
'

~
kC  is equal to 

kC
~

 since 
kC

~
 with 

kD
~

 is warped to 
'

~
kC  in the 

synthesized view. Moreover, )(kDavg
 shall be revised to be zero if the kth pixel is oc-

cluded after warping [20]. However, since the percentage of occluded pixels after warp-

ing is usually low, the occlusion case is neglected here. 
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For mode decision using (4), 
synthesisSSD  corresponding to each mode is calculated 

using pixel-wise squared distortions, where both pixel-wise 
kD∆  and the corresponding 

pixel-wise feature of vertical texture in the reconstructed color video are needed for pix-

el-wise multiplication. To reduce the time complexity of (4), the variance of 
kD∆  of 

each MB in depth videos is analyzed as follows. Most MBs have small variances of 
kD∆ . 

For the first GOP of Book_Arrival (5
th

 view) and Kendo (5
th

 view) coded with QP=22 

(Table 4), the maximum and minimum of 
kD∆  are 35 and -37, respectively. In this case 

there are 92.61% and 96.62% of MBs have standard deviations of 
kD∆  that are less 

than 2 for Book_Arrival and Kendo, respectively. For Book_Arrival and Kendo coded 

with QP=37, the maximum and minimum of 
kD∆  are 117 and -119, respectively. In this 

case there are 93.98% and 92.00% of MBs with standard deviations of 
kD∆  less than 5 

for Book_Arrival and Kendo, respectively. In order to reduce the time complexity of (4) 

for fast mode decision of depth video coding, this section proposes to substitute mean of 

kD∆  of one MB in a depth video, 
meanD∆ , for 

kD∆  into (4), and defines the complex-

ity of vertical texture of one color MB as 

( )2
11

~~~~
∑ +− −+−=

k kkkk CCCCM                   (6) 

Accordingly, (4) can be approximated by 

  MDSSD meansyntesis

22

4

1
∆≅ α .                      (7) 

Table 4. The cumulative distribution function of variance of depth coding error. 

 Book_Arrival Kendo 

Variance 
QP22 QP37 QP22 QP37 

1 55.60%  38.69% 69.37% 53.02% 

4 96.62%  54.58% 92.61% 66.30% 

9 99.75% 83.44% 99.31% 78.23% 

16 99.97% 90.22% 99.97% 85.88% 

25 100% 93.98% 100.00% 92.00% 

100 100% 99.82% 100.00% 99.75% 

 

Instead of estimating 
synthesisSSD  of each mode accurately from pixel-wise squared 

distortions using (4), this paper proposes to approximate 
synthesisSSD  using (7) for fast 

mode decision. Since the effects of depth and color video codings on the quality of syn-

thesized views are summarized separately in (7), i.e. 
2

meanD∆  and M, M is computed 

once in the whole process of mode decision of depth video coding, regardless of the 

number of coding modes to be tested. On the other hand, for 
synthesisSSD , M plays the role 

of a weighting factor of 
2

meanD∆ , where 
2

meanD∆  varies with the coding mode and QP 

of depth video coding. To incorporate 
synthesisSSD  in (7) into the RDO of mode decision, 

the strategy is stated as follows. If M is large, the quality of synthesized views will be 

highly sensitive to the distortion caused by depth video coding. Thus, according to (7), 

the RD cost should focus on the distortion of the depth video, 
2

meanD∆ , to reduce the 
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distortion of synthesized views. On the contrary, since the distortion from depth video 

coding will have lower impact on the quality of synthesized views if M is small, instead 

of using 
synthesisSSD  only, the original RD cost of depth video coding is still used. 

Moreover, since most MBs in color videos usually do not have high complexity of verti-

cal texture, the RD cost of depth video coding should consider both rate and distortion to 

avoid RD performance degradation in most cases. In summary, the RD cost of mode de-

cision of depth video coding is categorized into two cases: 





<+

≥∆
=

2

2

2

mod
),,(),(

                                   ,
)|,(

TMISRISSSD

TMD
ISJ

kkmodekk

mean

ekkmode
λ

λ      (8) 

where the kth MB, Sk , is coded with coding mode, Ik , and T2 is the threshold to detect 

regions with complex vertical texture in the color video. Based on RD cost in (8), the 

RDO selects the optimal mode for depth video coding. To select the value of T2, Table 5 

analyzes the average of M corresponding to each optimal mode of color video coding for 

different combinations of QP and video. Among all modes, it is Inter 8×8 having the most 

significant value of M on average, except Undo_Dancer. In addition to Inter 8×8, Inter 

8×16 also has large value of M on average. Since it is suggested to skip Inter 8×8 in some 

fast mode decision algorithms of color video coding due to its high complexity and low 

proportion, for each test video, the average of M corresponding to Inter 8×16 in its color 

video is the threshold, T2, to detect MBs with high complexity of vertical texture. 

 

Table 5. Average of M corresponding to each optimal mode in color video coding. 

 Book_Arrival Kendo 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  24034 21723 8724 8469 

Inter 16×16 48979 58165 27630 47876 

Inter 16×8 63529 74564 37241 48237 

Inter 8×16 72880 81844 45286 56007 

Inter 8×8 117577 136526 73480 91810 

Intra 16×16 9193 12360 4689 8346 

Intra 4×4 41799 86559 17861 45008 

 Poznan_Hall2 Undo_Dancer 

Optimal Mode 
QP22 QP37 QP22 QP37 

direct  6767 5941 35332 27462 

Inter 16×16 17376 38842 79378 132790 

Inter 16×8 27916 39377 118181 146578 

Inter 8×16 38450 49019 217982 193832 

Inter 8×8 116910 173575 208094 173404 

Intra 16×16 15976 14835 312704 143620 

Intra 4×4 26229 124251 168319 132052 

 

In the proposed scheme, the optimal mode of a coded color MB is saved, and the 

complexity of vertical texture of the reconstructed color video, M, is computed. The 

adaptive threshold, T2, to detect high complexity of vertical textures is also determined by 

the average of M of the MBs with the optimal mode. The first stage of the proposed algo-

rithm aims at reducing the candidates for mode decision of depth video coding (Section 

2.2). The second stage selects the RD cost function and then makes the mode decision. If 
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the complexity of vertical texture of the corresponding MB in the reconstructed color 

video is greater than T2, the RD cost of each candidate takes the distortion into account 

only. Otherwise, the RD cost of each candidate combines both rate and distortion. 

4. EXPERIMENTAL RESULTS 

Tests are conducted by revising the reference software JMVC 6.0.3. GOP is 8. 

FRExt is turned on. Entropy coding is CABAC. The number of reference frame is 2, con-

sisting of one temporal frame and one inter-view frame. Motion estimation is fast search. 

The set of values of QP includes 22, 27, 32, and 37, according to Tanimito et al [24]. 

Three views are encoded while two reconstructed views are used for view synthesis by 

the reference software VSRS 3.0 [25]. The computation platform is equipped with 

2.83GHz CPU and 2GB RAM. In addition to Kendo and Undo_dancer that have been 

used for probabilistic analyses (Section 2.1), Lovebird1, Newspaper, and Poznan_Street 

are also adopted in tests. Test conditions are based on call for proposals on 3DVC [9]. 

Camera configurations of all video clips are 1D/parallel and images are rectified. Love-

bird1 contains outdoor scenes and objects move slowly toward the camera. Newspaper 

includes indoor scenes and it has fade-in. Poznan_Street features both fade-in and 

fade-out and inconsistent object motions.  

Table 6 compares performance between the proposed scheme and original JMVC 

6.0.3. The settings of QPs for color video coding and depth video coding are identical. 

PSNR is computed between two virtual views, where one is synthesized from two un-

compressed color videos and the corresponding two uncompressed depth videos, and the 

other is synthesized from two decompressed color videos and the corresponding two de-

compressed depth videos. Here, the bitrate is the total bitrate of color and depth videos. 

Let the bitrate difference denote the difference between the bitrate of the proposed 

scheme and that of the original JMVC 6.0.3. Bitrate∆  is defined as the ratio of the bi-

trate difference and the bitrate of the original JMVC 6.0.3. Table 6 indicates time reduc-

tion of the proposed scheme ranges from 48% to 60%. Degradation of RD performance is 

nearly negligible, where the average increase of bitrate is around 0.028% and the average 

PSNR∆  is -0.011 dB. Compared with original JMVC, the slight increase of bitrate and 

decrease of PSNR of the proposed scheme are based on two reasons. First, based on 

probabilistic analyses (Section 2.1), the prediction accuracy of optimal mode by the first 

stage of the proposed scheme is high except Kendo. The lower prediction accuracy of 

Kendo is due to the dynamic content, and thus the bitrate of Kendo is larger than those of 

the other test videos. Next, only a small percentage of decisions are made using the re-

vised distortion at the second stage of the proposed scheme. 

The fast mode decision algorithm proposed by Peng et al [14] is one of the previous 

fast depth video coding schemes that have significant time reduction. The main idea is 

that direct and Intra modes are tested for MBs with small variances. We implement Peng 

et al [14] by revising JMVC 6.0.3. Table 7 provides comparisons of time reduction and 

RD performance between the proposed scheme and Peng et al [14], where Bjontegaard 

delta peak signal-to-noise ratio (BDPSNR) of synthesized color views and Bjontegaard 

delta bit rate (BDBR) [25] of depth video coding are evaluated using the original JMVC 

6.0.3 as the benchmark. The average BDBR of the proposed scheme and Peng et al [14] 
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Table 6. Comparisons of coding performance between the proposed scheme and JMVC 

6.0.3. 

 
QP 

Bitrate∆  

(%) 

PSNR∆  

(dB) 

Time∆  

(%) 

Lovebird1 22 0.095 0.067 -62.96 

27 0.141 -0.010 -63.14 

32 0.184 -0.008 -62.25 

37 0.321 0.012 -53.14 

Average  0.186 0.01525 -60.37 

Newspaper 22 0.179 -0.004 -51.75 

27 0.207 -0.002 -57.32 

32 0.136 -0.007 -59.71 

37 0.156 0.001 -60.77 

Average  0.170 -0.003 -57.39 

Poznan_Street 22 0.061 -0.006 -58.32 

27 0.224 -0.011 -59.07 

32 0.361 -0.025 -57.67 

37 0.314 -0.014 -58.61 

Average  0.240 -0.014 -58.42 

Kendo 22 1.004 -0.031 -43.31 

27 1.131 -0.012 -47.06 

32 1.312 -0.012 -50.46 

37 1.557 -0.019 -53.06 

Average  1.251 -0.0185 -48.47 

Undo_Dancer 22 0.015 -0.024 -56.64 

27 0.025 -0.016 -56.17 

32 0.046 -0.001 -54.20 

37 0.028 -0.003 -56.49 

Average  0.028 -0.011 -55.87 

 

Table 7. Comparisons of coding performance between Peng et al [14] and the proposed 

algorithm. 

 Peng et al [14] Proposed algorithm 
BDBR 

(%) 

BDPSNR 

(dB) 

Time∆

(%) 

BDBR 

(%) 

BDPSNR 

(dB) 

Time∆  

(%) 

Lovebird1 7.25 -0.09 -84.3 -0.36 0.0006 -60.4 

Newspaper -0.56 0.02 -75.0 0.11 -0.004 -57.4 

Poznan_ 

Street 
1.06 -0.03 -87.7 0.7 -0.021 -58.4 

Kendo 3.47 -0.11 -79.0 0.54 -0.015 -48.5 

Undo_ 

Dancer 
4.82 -0.2 -86.6 0.26 -0.011 -55.9 

Average 3.21 -0.08 -82.5 0.25 -0.01 -56.1 

 

are 0.25% and 3.21%, respectively, where the BDBR of the proposed scheme ranges 

from -0.36% to 0.7%, and that of Peng et al [14] ranges from -0.56% to 7.25%. The av-

erage BDPSNR of the proposed scheme and Peng et al [14] are -0.01 dB and -0.08 dB, 

respectively, where the smallest BDPSNR are -0.021 dB (Poznan_Street) and -0.2 dB 

(Undo_dancer) for the proposed scheme and Peng et al [14], respectively. The average 

time reduction of the proposed scheme and Peng et al [14] are 56.1% and 82.5%, respec-

tively. BDBR and BDPSNR of the proposed scheme outperform those of Peng et al [14] 

although time reduction of the proposed scheme is not comparable to that of Peng et al 

[14]. The BDBR of Peng et al [14] changes significantly with video content while the 
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BDBR of the proposed scheme varies slightly with videos. The RD-plots of depth video 

coding using original JMVC 6.0.3, proposed scheme, and Peng et al [14] are given in Fig. 

3. In this figure, the bitrate is the average of three coded color and depth views, and 

Y-PSNR is the PSNR of the Y component of a synthesized view. There is almost no dis-

crimination between RD curves of the proposed scheme and those of original JMVC 

6.0.3 for five test videos. However, the proposed scheme outperforms Peng et al [14] for 

Lovebird1, Kendo, and Undo_dancer for QP 22 and QP 27. The reasons are stated as 

follows. Lovebird1 has higher percentage of color MBs with large M and thus distortions 

of higher percentage of depth MBs are reduced by the second stage of the proposed 

scheme. Lovebird1 also has high percentage of depth MBs with small variances and thus 

Peng’s scheme degrades more PSNR performance. Undo_dancer has medium percentage 

of color MBs with large M and thus the percentage of depth MBs that is reduced distor-

tions by the proposed scheme is not high. However, Undo_dancer has high percentage of 

depth MBs with small variances and Peng’s scheme degrades more PSNR performance. 

Thus the proposed scheme works better on Undo_dancer. Although Kendo has lower 

percentage of depth MBs with small variances and Peng’s scheme degrades the PSNR 

performance of Kendo slightly, the first stage of the proposed scheme also does not de-

grade the PSNR performance of Kendo as much as the other test videos. This is because 

that Kendo has high motion and it is coded by low percentage of direct modes. Moreover, 

Kendo has low percentage of MBs with large M and thus low percentage of depth MBs is 

reduced distortions by the second stage of the proposed scheme. As the result, the pro-

posed scheme outperforms Peng’s scheme on Kendo. Finally, the performance of the 

proposed scheme is similar to that of Peng’s scheme for larger QPs. In fact, lower per-

centage of MBs can be reduced distortions by the second stage of the proposed scheme 

since lower percentage of MBs has large M in the reconstructed color video. The per-

centage of color and depth MBs having the direct mode as the optimal mode is usually 

much higher for larger QPs. And thus the first stage of the proposed scheme leads to 

more PSNR performance degradation. 

Finally, comparisons of number of arithmetic operations of mode decision in one 

MB among different distortion measures are provided in Table 8. Let N and n denote the 

number of pixels in one MB and the number of candidates for mode decision of depth 

video coding, respectively, where n is much smaller than N for MVC. P is the probability 

that M is not less than T2. The number of operations of each distortion measure is stated 

as follows. (a) For traditional SSD, each pixel needs one addition and one multiplication 

to compute the square of pixel-wise coding distortion. Summation of N pixel-wise coding 

distortions within one MB needs N-1 additions. This SSD has to be computed for each 

candidate of one MB. (b) For mode decision using (4) by Tech et al [19], 
synthesisSSD  is 

computed for each candidate of one MB. Each pixel needs three additions to get its cor-

responding M, one addition for the pixel-wise distortion of depth video coding, and two 

multiplications where one is for square. Summation of N pixel-wise coding distortions 

within one MB needs N-1 additions. Three extra multiplications includes 4/2α  that is 

invariant with mode. (c) For our proposed approximation of Oh et al [20], each MB 

needs 3N additions (pixel-wise difference of intensity in the color video) and N-1 addi-

tions (summation) for M in (6). The benefit of (6) is that no matter how many modes have 

to be tested for mode decision, it is only computed once. Then, each mode needs N-1 
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(e) 

Fig. 3. Comparisons of RD performance among three different depth video coding 

schemes: original JMVC 6.0.3, proposed scheme, and Peng et al [14]. (a) Lovebird1. (b) 

Newspaper. (c) Poznan_street. (d) Kendo. (e) Undo_dancer. 

additions to get 
meanD∆  and six multiplications to compute (7). (d) For the proposed 

scheme using (8) that combines both traditional SSD and (7), the number of additions and 
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that of multiplications have to be decided using the probability, P. For each MB, the val-

ue of M is computed once only where 3N+(N-1) additions and N multiplications are 

needed. If M is greater than or equal to T2, 
2

meanD∆  corresponding to each mode will be 

calculated using N-1 additions and two multiplications. Otherwise, the number of opera-

tions is equal to that of traditional SSD. Since both the number of operations of tradition-

al SSD and that of (7) are significantly smaller than that of Oh et al [20], the number of 

operations of the proposed scheme using (8) is smaller than that of Oh et al [20]. 

Table 8. The number of additions and that of multiplications in the mode decision for 

one MB of different distortion measures. 

Method Number of 

Additions 

Number of 

Multiplications 

SSD (N+(N-1))×n N×n 

Oh et al [20] (4N +(N-1))×n (2N+3)×n 

Approximation 

of Oh et al [20] 
(N-1)×n+(3N+(N-1)) 6n+N 

Proposed 

scheme 

(3N+(N-1))+(N-1)×n×P + 

(N+(N-1))×n×(1-P) 

N+2n×P+ 

N×n×(1-P) 

5. CONCLUSIONS 

This paper proposes a fast mode decision algorithm of depth video coding using 

MVC. This scheme speeds up mode decisions and retains the quality of synthesized 

views simultaneously. Based on probabilistic analyses, information of color and depth 

videos is exploited to reduce the candidates for mode decisions. For MBs with high com-

plexity of vertical texture in the reconstructed color video, the second stage reduces dis-

tortions of synthesized views by making virtual-view distortion directed mode decisions. 

The proposed approximation of a previous distortion function speeds up the computation 

of virtual-view distortions. Experimental results show that the proposed scheme achieves 

significant time reduction with negligible degradation of RD performance. 
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