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Abstract. A depth image represents a relative distance from a camera to an  
object in the three-dimensional (3-D) space and it is widely used as 3-D informa-
tion in computer vision and computer graphics. Generally, the depth is repre-
sented as an image format and it is uniformly quantized in the disparity/intensity 
domain whereas it is non-uniformly quantized in the depth domain. Thus, the 
conventional bi-prediction applied in the disparity/intensity domain does not 
catch up the value for the linearly moving object. To solve this problem, we pro-
pose a non-linear bi-directional prediction for depth coding. Experimental results 
demonstrate that the proposed non-linear bi-directional prediction method 
achieves by 0.68 dB of the PSNR gain over the conventional method when the 
hierarchical-B picture coding is used. 
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1   Introduction 

The various three-dimensional (3-D) video technologies have been studied to satisfy 
desires for realistic and natural feeling and free view navigation. In the 3-D video 
system, the depth is used as 3-D information to synthesize the virtual views which are 
not captured. Most image-based rendering [1] methods utilize depth images in combi-
nation with stereo or multi-view video to synthesize the virtual views. The 3-D video 
system can be used for free viewpoint video (FVV)/free viewpoint television (FTV), 
3-D television (3DTV), immersive teleconference and so on. 

In recent, MPEG has prepared a new standard for 3-D video and FTV [2], named 
as 3DV. The 3DV currently deals with depth estimation, view synthesis as well as 
depth coding and many researchers have studied those issues. In addition, the multi-
view view coding (MVC) [3] has been studied for a long time in MPEG and JVT. The 
MVC standard is finalized in 2008. It allows an inter-view prediction to reduce the 
inter-view redundancy and adopts the hierarchical-B picture coding for temporal 
prediction. Especially, the hierarchical-B picture coding achieved interesting coding 
gain by using multiple B frames and by allowing the reference B frame. Currently, it 
is a most powerful coding structure for single view video coding.   

Various depth coding methods were developed with MVC. Morvan et al. [4] pro-
posed a depth coding method using a piecewise linear function and Merkle et al. [5] 
proposed a plate-based depth coding method. However, these schemes focused on the 
rendering quality rather than performance of depth coding.  
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In this paper, we propose a non-linear bi-directional prediction for depth coding. 
The depth is linearly quantized in the disparity/intensity domain whereas it is non-
linearly quantized in the depth domain. In other words, although the object is linearly 
moved in the depth domain its depth value is non-linearly varied in the dispar-
ity/intensity domain. Thus, the conventional bi-directional prediction method does not 
follow the object’s linear movement. The proposed non-linear bi-directional predic-
tion method converts the disparity/intensity value into the depth value and then ap-
plies the bi-directional prediction in the depth domain. After that, the bi-predicted 
depth value is reconverted into disparity/intensity value. 

The rest of this paper is organized as follows. In Section 2, we introduce depth im-
age representation, hierarchical-B picture coding, and a weighted prediction. We 
explain the proposed non-linear bi-directional prediction in Section 3 and show ex-
perimental results in Section 4. Finally, we conclude this paper in Section 5.   

2   Related Works 

2.1   Depth Image Representation 

The depth is obtained by special depth cameras [6] or depth estimation algorithms [7] 
and is represented as an 8 bits level gray image in general. It means that a certain 
continuous depth range should be quantized into 256 levels. Fig.1 shows color image 
and its corresponding image for “Ballet” sequence.  

   

Fig. 1. Color image and its corresponding depth image for “Ballet” sequence 

Chai et al. designed an optimal non-uniform depth quantization based on the the-
ory of plenoptic sampling [8]. At first, the total disparity range △dtotal exhibited by a 
certain stereoscopic image can be calculated from: 

               ZdZdd farneartotal ),()( −=Δ      (1) 

where d(Znear) and d(Zfar) are minimum and maximum disparity values respectively. 
Now, the unit disparity for log2N bits level can be calculated as (2). 
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Then, the disparity value for intensity v is represented as (3). 
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By solving (3) for dv using (1) and (2), we can obtain (4).  
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The relation between d and Z is represented as (5). 
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where f is the focal length and B is the base line distance. By solving (4) for Zv using 
(5), we derive (6). 
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Thus, the pixel intensity v for depth image is represented as (7).  
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It shows that the optimal non-uniform depth quantization depends on the two clipping 
planes Znear and Zfar as show in Fig. 2.   

 

Fig. 2. Optimal non-uniform depth quantization of scene depth 
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2.2   Hierarchical-B Picture Coding 

The video is compressed by removing the temporal correlation and various group-of -
pictures (GOP) structures have been proposed. Among them, the hierarchical-B pic-
ture coding structure [9] in Fig. 3 is well-known as for good coding efficiency and the 
recently finalized multi-view video coding (MVC) standard adopted the hierarchical-
B picture coding for the base coding structure for a temporal prediction. 

 

Fig. 3. Hierarchical-B picture coding with 4 levels 

The hierarchical-B picture coding structure consists of one key frame (anchor 
frame) and multiple B frames. In addition, it allows a reference B frame although the 
B frame is not used as a reference frame in general. The coding efficiency of the B 
slice outperforms the one of the I slice and P slice, the B slice is predicted in one of 
several ways, direct mode, motion-compensated prediction from a list 0 reference 
picture, motion-compensated prediction from a list 1 reference picture, or motion-
compensated bi-predictive prediction from list 0 and list 1 reference pictures. The list 
0 contains close past pictures and the list 1 contains close future pictures in general. 
Different prediction modes can be chosen for macroblock partitions. 

The direct mode of B slice dose not transmit motion vector and it is similar to the 
skip mode in P slice coding. The motion-compensated prediction from a 1ist 0 or list 
1 reference picture is same with the P slice coding. Then, the remarkable prediction 
method in B slice coding is the bi-prediction. 

In bi-prediction, the predicted block is created from the list 0 and list 1 reference 
pictures. Two motion-compensated reference blocks are obtained from a list 0 and a 
list 1 respectively and each pixel value of the predicted block is calculated as an aver-
age of the list 0 and list 1 prediction samples as seen in (8).  

        1)1),(1),(0(),( >>++= jipredjipredjipred      (8) 

where pred0(i, j) and pred1(i, j) are motion-compensated reference blocks derived 
from the list 0 and list 1 reference frames and pred(i, j) is a bi-predictive block.  

After obtaining the bi-predictive block, the motion-compensated residual is formed 
by subtracting pred(i, j) from the current block and it is coded. The motion vectors of 
the list 0 and list 1 in the bi-prediction are each predicted from neighboring motion 
vectors that have the same temporal direction. For example, a vector for the current  
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(a) List 0                                    (b) List 1                               (c) bi-predicted 

Fig. 4. Example of the bi-directional prediction 

macroblock pointing to a past frame is predicted from other neighboring vectors that 
also point to past frames. Fig. 4 shows an example of the bi-prediction. 

The weighted prediction [10] is a method of scaling the pixel values of the motion-
compensated block in P or B slice coding. For B slice coding, the weighted prediction 
is modeled as in (9). 

)(log)1),(1),(0(),( 10210 wwjipredwjipredwjipred +>>+⋅+⋅=      (9) 

Each motion-compensated reference block pred0(i, j) or pred1(i, j) is scaled by a 
weighting factor w0 or w1 prior to bi-prediction. The weighting factors are determined 
by the explicit or implicit method. In the explicit method, the weighting factors are 
determined by the encoder and transmitted in the slice header. On the other hand, the 
weighting factors are derived based on the relative temporal positions of the list 0 and 
list 1 reference pictures in the implicit method. A larger weighting factor is applied 
for temporally closer reference picture from the current picture, and a smaller weight-
ing factor is applied for temporally further reference picture. 

3   Proposed Non-linear Bi-directional Prediction 

The depth image is a kind of depth data for a certain restricted depth range as depicted 
in Section 2.2. The depth image is non-linearly quantized in the depth domain to be 
linearly quantized disparity/intensity domain in general. In other words, a linear 
change in the depth domain is non-linearly represented in the disparity/intensity do-
main. Thus, the current bi-prediction is not proper to depth coding since most objects 
linearly move in the depth domain.  

Fig. 5 shows an example of the bi-prediction for depth coding. In this figure, the 
soccer ball is linearly receded in the depth domain as time passed. The conventional 
bi-prediction method decides 3 as a predicted value for the frame t since the dispar-
ity/intensity values for the frame t-1 and the frame t+1 are 6 and 0, respectively. 
However, it is wrong. The right disparity/intensity value for the frame t is 1. To make 
an accurate bi-directional predicted value, we conduct the conventional bi-prediction 
in the depth domain instead of disparity/intensity domain. The overall procedure of 
the proposed bi-directional prediction is as follows.  
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Fig. 5. Example of the proposed non-linear bi-directional prediction for depth coding 

First, we convert each disparity/intensity value in the depth image into depth value 
as in (10) and (11) by using (6).  
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Second, the bi-predicted depth value is calculated by (12). 

   1)1),(),((),( 10 >>++= jiZjiZjiZ predpredpred   (12) 

where Zpred(i, j), Zpred0(i, j), and Zpred1(i, j) are depth values for pred (i, j), pred0(i, j), 
and pred1(i, j) respectively. Last, we re-convert the bi-predicted depth value into the 
disparity/intensity value as in (13) using (7).  
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The Znear and Zfar are coded as side information. 



528 K.-J. Oh and Y.-S. Ho 

Table 1. Depth coding results for “Ballet” sequence 

QP 22 25 28 31 

Previous 
bi-prediction 

1585.40 1212.33 891.64 655.33 

Explicit weighted 
prediction 

1414.54 1058.40 769.64 556.34 

Implicit weighted 
prediction 

1401.93 1049.75 761.46 550.52 

Depth 
Bit 

Rate 
(kbps) 

Proposed 
bi-prediction 

1398.30 1048.62 761.27 549.91 

Previous 
bi-prediction 

50.22 48.61 46.39 44.12 

Explicit weighted 
prediction 

50.26 48.54 46.26 43.84 

Implicit weighted 
prediction 

50.30 48.56 46.29 43.89 

Depth 
Quality 

(dB) 

Proposed 
bi-prediction 

50.28 48.60 46.29 43.91 

Average gain 1.00 dB PSNR gain or 13.38% bit saving 
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Fig. 6. Rate distortion curves for “Ballet” sequence 
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Table 2. Depth coding results for “Breakdancers” sequence 

QP 22 25 28 31 

Previous 
bi-prediction 

1782.61 1355.73 977.72 684.20 

Explicit weighted 
prediction 

1726.68 1297.46 919.28 628.75 

Implicit weighted 
prediction 

1708.16 1280.96 904.89 615.76 

Depth 
Bit 

Rate 
(kbps) 

Proposed 
bi-prediction 

1707.65 1281.47 905.92 615.99 

Previous 
bi-prediction 

50.81 48.81 46.30 43.73 

Explicit weighted 
prediction 

50.70 48.70 46.13 43.47 

Implicit weighted 
prediction 

50.71 48.71 46.14 43.50 

Depth 
Quality 

(dB) 

Proposed 
bi-prediction 

50.71 48.70 46.13 43.49 

Average gain 0.35 dB PSNR gain or 4.74% bit saving 
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Fig. 7. Rate distortion curves for “Breakdancers” sequence 
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4   Experimental Results and Analysis 

In order to evaluate the performance of the proposed method, we have tested the pro-
posed algorithm on depth data of “Ballet” and “Breakdancers” sequences. The pro-
posed method was implemented on JM 14.0 [11] and depth video was coded with QP 
22, 25, 28, and 31. The hierarchical B picture structure was used and differential QPs 
between the basis layer and the sub-layer in the hierarchical B picture structure were 
set as zero in all layers. We only used a bi-prediction for B picture coding. Experi-
mental results are given in Table 1 and Table 2, and their rate-distortion (RD) curves 
are illustrated in Fig. 6 and Fig. 7. The average gain is a PSNR difference or bit sav-
ing between the conventional bi-prediction and the proposed bi-prediction, and it is 
measured by the Bjontegaard metric [12]. The proposed method achieved by average 
0.68 dB of the PSNR gain or 9.06 % bit saving over the conventional method for 
“Ballet” and “Breakdancers” sequences. 

5   Conclusions 

In this paper, we have proposed a non-linear bi-directional prediction for depth cod-
ing. The depth is non-linearly quantized in the depth domain whereas it is linearly 
quantized in the disparity/intensity domain. Thus, previous bi-directional prediction is 
not proper to depth coding. In the proposed non-linear bi-directional prediction, we 
conducted the conventional bi-directional prediction in the depth domain by using 
interconversion between the depth value and the disparity/intensity value. Experimen-
tal results showed that the proposed method outperforms the previous bi-prediction as 
much as the weighted prediction. 

Acknowledgements 

This research was supported by the MKE(The Ministry of Knowledge Economy), 
Korea, under the ITRC(Information Technology Research Center) support program 
supervised by the IITA(Institute for Information Technology Advancement) (IITA-
2009-(C1090-0902-0017)). 

References 

1. Chan, S.C., Shum, H.Y., Ng, K.T.: Image-based Rendering and Synthesis. Proceeding of 
IEEE Signal Processing Magazines, 22–33 (2007) 

2. Smolic, A., Kimata, H., Vetro, A.: Development of MPEG Standards for 3-D and Free 
Viewpoint Video. In: Proceeding of Optics East 2005: Communications, Multimedia & 
Display Technologies, vol. 6014, pp. 262–273 (2005) 

3. ISO/IEC JTC1/SC29/WG11 MPEG: Survey of Algorithms used for Multi-view Video 
Coding (MVC). N6909 (2005) 

4. Kawakita, M., Kurita, T., Kikuchi, H., Inoue, S.: HDTV Axi-vision Camera. In: Proceed-
ing of International Broadcasting Conference, pp. 397–404 (2002) 

5. Scharstein, D., Szeliski, R.: A Taxonomy and Evaluation of Dense Two-Frame Stereo Cor-
respondence Algorithms. Microsoft Research Technical Report MSR-TR-2001-81 (2001) 



 Non-linear Bi-directional Prediction for Depth Coding 531 

6. Kawakita, M., Kurita, T., Kikuchi, H., Inoue, S.: HDTV Axi-vision Camera. In: Proceed-
ing of International Broadcasting Conference, pp. 397–404 (2002) 

7. Scharstein, D., Szeliski, R.: A Taxonomy and Evaluation of Dense Two-Frame Stereo Cor-
respondence Algorithms. Microsoft Research Technical Report MSR-TR-2001-81 (2001) 

8. Chai, J., Tong, X., Chan, S., Shum, H.: Plenoptic Sampling. In: Proceeding of ACM 
SIGGRAPH, pp. 307–318 (2000) 

9. Schwarz, H., Marpe, D., Wiegand, T.: Analysis of Hierarchical B Pictures and MCTF. In: 
Proceeding of International Conferences on Multimedia & Expo., pp. 1929–1932 (2006) 

10. Boyce, J.M.: Weighted Prediction in the H.264/MPEG AVC Video Coding Standard. In: 
Proceeding of International Symposium on Circuits and Systems, vol. 3, pp. 789–792 
(2004) 

11. JVT Reference Software Version 14.0, 
http://iphome.hhi.de/suehring/tml/download/old_jm/ 

12. ITU-T SG16 Q.6: An Excel Add-in for Computing Bjontegaard Metric and Its Evolution. 
VCEG-AE07 (2007)  


	Non-linear Bi-directional Prediction for Depth Coding
	Introduction
	Related Works
	Depth Image Representation
	Hierarchical-B Picture Coding

	Proposed Non-linear Bi-directional Prediction
	Experimental Results and Analysis
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




