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Abstract. The multi-view video is a collection of multiple videos cap-
turing the same scene at different viewpoints. Since the data size of
the multi-view video linearly increases as the number of cameras, it is
necessary to compress multi-view video data for efficient storage and
transmission. The multi-view video can be coded using the concept of
the layered depth image (LDI). In this paper, we describe a procedure to
generate LDI from the natural multi-view video and present a framework
for multi-view video coding using the concept of LDI.
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1 Introduction

The multi-view video is a collection of multiple videos capturing the same scene
at different camera locations. If we acquire multi-view videos from multiple cam-
eras, it is possible to generate video scenes from any viewpoints, which means
that users can change their views within the range of captured videos and can feel
the visible depth with view interaction. The multi-view video can be used in a
variety of applications including free viewpoint video (FVV), free viewpoint TV
(FTV), three-dimensional TV (3DTV), surveillance, and home entertainment.

Although the multi-view video has much potential for a variety of applica-
tions, one big problem is a huge amount of data. In principle, the multi-view
video data are increasing linearly as the number of cameras; therefore, we need to
encode the multi-view video data for efficient storage and transmission. Hence,
it has been perceived that multi-view video coding (MVC) is a key technology
to realize those applications.

ISO/IEC JTC1/SC29/WG11 Moving Picture Experts Group (MPEG) has
been recognized the importance of MVC technologies, and an ad hoc group
(AHG) on 3-D audio and visual (3DAV) has been established since Decem-
ber 2001. Four main exploration experiments (EE) on 3DAV were performed
from 2002 to 2004: EE1 on omni-directional video, EE2 on FTV, EE3 on cod-
ing of stereoscopic video using multiple auxiliary components (MAC), and EE4
on depth/disparity coding for 3DTV and intermediate view interpolation. In
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response to the Call for Comments issued in October 2003, a number of compa-
nies have expressed their interests for a standard that enables FTV and 3DTV.
After MPEG called interested parties to bring evidences on MVC technologies
in October 2004 [1], some evidences were recognized in January 2005 and a Call
for Proposals (CfP) on MVC has been issued in July 2005. Then, the responses
to the Call will be evaluated in January 2006.

In this paper, we propose a framework for MVC using the concept of the lay-
ered depth image (LDI) [2] and we also describe a procedure for generating LDI
from the natural multi-view video. While most of the proposed MVC techniques
are some extension of predictive video coding algorithms, our framework takes a
completely different approach based on the concept of the layered depth image
(LDI), which is an efficient image-based rendering (IBR) technique. In addition,
we generate LDI frames from the natural multi-view video, which is different
from the previous LDI generation methods mainly using 3-D synthetic objects.

The paper is organized as follows. After we review some algorithms for multi-
ple view video coding in Section 2, we explain the concept of LDI in Section 3. In
Section 4, we describe details of the LDI generation procedure from the natural
multi-view video. Then, we propose a framework for multi-view video coding
using LDI in Section 5. After experimental results are presented in Section 6, we
draw conclusions in Section 7.

2 Algorithms for Multi-view Video Coding

The major objective of multi-view videos is to provide free views using captured
videos from different viewpoints. In order to provide such a functionality, it is
essential to compress and encode the huge amount of multi-view video data.
Several algorithms have been proposed for multi-view video coding in response
to the Call for Evidence of MPEG 3DAV [1]. They include the Group of GOP
(Go-GOP) prediction using shared reference picture memory [3], illumination
change adaptive motion estimation/motion compensation and two-dimensional
(2-D) direct mode [4], inter-camera motion prediction [5], spatio-temporal de-
composition or checkerboard decomposition [6], and the predictive coder based
on view interpolation [7]. All the proposed methods employ H.264/AVC, which
is one of the most efficient video coding algorithms.

The key idea of the proposed multi-view video coding algorithms is to utilize
spatial and temporal relationships among captured videos. As we apply motion
estimation along the temporal direction in a single video, we can perform dis-
parity estimation among different views in the multi-view video. In other words,
they try to exploit the spatio-temporal correlation among adjacent views. Those
methods outperform the simulcast coding scheme that encodes each view inde-
pendently using H.264/AVC.

Unlike those algorithms, our proposed framework is based on the conversion
between multi-view videos and LDI frames. It is possible to efficiently encode
multi-view videos using the concept of LDI because one of the functionalities of
IBR is to provide the view interaction using view generation.
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3 Concept of the Layered Depth Image

Image-based rendering (IBR) techniques have been received much attention as
an attractive alternative to traditional geometry-based rendering (GBR). While
GBR requires elaborate modeling and long processing time, IBR uses 2-D images
as primitives to generate an arbitrary view of the 3-D scene. Therefore, IBR
requires a proper amount of computational resources and does not bothered by
the complexity of 3-D objects in the scene. In addition, it is easier to acquire a
photo or a picture than complex 3-D models of the scene.

Among a variety of IBR techniques, the layered depth image (LDI) is one of
the most efficient rendering methods for 3-D objects with complex geometries.
It represents the current scene using an array of pixels viewed from a single
camera position. However, each LDI pixel contains not just color values, but
also several other attribute values. It consists of color, depth between the camera
and the pixel, and other attributes that support rendering of LDI. Three key
characteristics of LDI are: (1) it contains multiple layers at each pixel location,
(2) the distribution of pixels in the back layer is sparse, and (3) each pixel
has multiple attribute values. Because of these special features, LDI enables us
to render arbitrary views of the scene at new camera positions. Moreover, the
rendering operation can be performed quickly with the list-priority algorithm
proposed by McMillan [8].

When the rays are emanating from a reference viewpoint (an LDI camera),
it is possible to store intersecting points between rays and an object. Each in-
tersecting point contains color and depth information.

Figure 1 represents the conceptual diagram of LDI [2]. As shown in Fig. 1, the
first intersecting points construct the first layer of LDI, the second ones build up
the second layer, and so on. Consequently, each layered depth pixel has different
number of depth pixels, which contain color and depth information.
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Fig. 1. Concept of the layered depth image
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4 Generation of LDI from the Natural Multi-view Video

It is possible to generate LDI by storing intersecting points with color and depth,
but this method can only be applied to 3-D computer graphics (CG) models.
Since rays cannot go through the real object, we need another approach to
generate LDI from natural images.

Figure 2 shows the generation process of LDI using multiple color and depth
images [2]. The LDI scene viewed from the camera C1 is constructed by warping
pixels in other camera locations, such as C2 and C3.
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d

b

C3
C2

Pixel

c

a
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c

a

Fig. 2. LDI generation from multiple depth images

There are various kinds of multi-view video test sequences provided by MPEG
AHG on 3DAV [1][9]. Several proponents provide about 20 sequences with differ-
ent properties. Recently, MPEG has been issued the call for proposals (CfP) on
MVC [10] and consequently eight sequences have been selected as the test sets
for CfP on MVC. They have been selected by considering the variety of features,
such as the number of cameras (5, 8, and 100), camera arrangements (1-D paral-
lel, 1-D parallel convergent, 1-D arc, 2-D cross, and 2-D array), frames per second
(15, 25, and 30), image resolutions (VGA and XVGA), scene complexity, and
camera motions. Besides, all the test sequences contain camera parameters for
their own camera arrangement and the validation of those camera parameters is
now under way in MPEG AHG on 3DAV. The properties of the multi-view video
test sequences are summarized in Table 1 and Tabel 2 [10]. Among them, Mi-
crosoft Research (MSR) provided the multi-view video sequence, Breakdancers
with camera parameters and depth information [11][12].
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Table 1. Properties of MPEG 3DAV test sequences. (A: available, N/A: not available).

Property KDDI MERL HHI Nagoya Univ. MSR
Flamenco Rena

Sequences Objects Ballroom Jungle Akiko Breakdancers
Crowd Exit Uli Akko&Kayo Ballet

Golf, Race
No. of Cameras 5/8 8 8 100 8

Camera Parameters A A A A A
Depth Information N/A N/A N/A N/A A

Table 2. Test data sets for CfP on MVC

Data Set Sequences Image Property No. of Cameras Camera Arrangement
MERL Ballroom VGA, 25fps 8 1-D parallel
MERL Exit VGA, 25fps 8 1-D parallel
KDDI Race1 VGA, 30fps 8 1-D parallel
KDDI Flamenco2 VGA, 30fps 5 2-D parallel (cross)
HHI Uli XVGA, 25fps 8 1-D parallel convergent
MSR Breakdancers XVGA, 15fps 8 1-D arc

Nagoya Univ. Rena VGA, 30fps 100 1-D parallel
Nagoya Univ. Akko&Kayo VGA, 30fps 100 2-D array

If we use the test data set without depth information as the natural video
input to generate LDI, we need to estimate disparity from those multi-view im-
ages. Using the parallel camera arrangement, disparity can be computed by using
a stereo matching algorithm and depth values can be obtained from estimated
disparity by calculating z = bf/d, where z is the depth, b is the baseline, f is the
focal length, and d is the disparity. As shown in Fig. 3, we can obtain one depth
map per two parallel images captured from adjacent cameras in the case of the
1-D parallel camera configuration. We have estimated disparity and depth values
for the KDDI-A test sequences. Since there are eight cameras in the KDDI-A
test set [1], seven depth maps are acquired for the first frame using the stereo
matching algorithm [13].

There are several problems in generating LDI frames from the test sets with-
out depth information. Although we can easily compute depth images from dis-
parity maps under the parallel camera arrangement, the quality of the computed
depth map is not sufficient. Figure 4 presents histogram equalized depth maps
acquired from the KDDI-A data set: Flamenco1 and Race2. As shown in Fig.
4, it is difficult to figure out depth positions of objects within the computed
depth map. One of the main reasons is related to the image rectification that
can correct the misalignment of parallel images [14]. The other reason could
be the accuracy of the stereo matching algorithm that we used. We exploited
a kind of the real-time disparity estimation technique [13], which focuses on
the fast computation rather than the accuracy of estimation. If we use a more
stable and accurate method and perform more iterations or refinements, we
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Fig. 3. Depth map extraction for KDDI-A test sequences
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Fig. 4. Estimated depth maps for the KDDI-A data set: Flamenco1 and Race2

can obtain more reliable results. However, it is very time consuming and it re-
quires another preprocessing and postprocessing to get sufficient quality of depth
maps.

Because of these reasons, we are now focusing on the test set from MSR.
MSR data include a sequence of 100 images captured from eight cameras; the
camera arrangement is 1-D arc with about 20cm horizontal spacing. Depth maps
computed by stereo matching algorithms are provided for each camera together
with the camera parameters: intrinsic parameters, barrel distortion, and rotation
matrix [11][12]. The exact depth range is also included. Figure 5 shows some of
sample depth images of the MSR data set. As we can observe in Fig. 5, the depth
images from MSR are more reliable than the calculated depth maps from the
KDDI data set.
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(c) Ballet: depth (d) Breakdancers: depth

(a) Ballet: color (b) Breakdancers: color

(c) Ballet: depth (d) Breakdancers: depth

(a) Ballet: color (b) Breakdancers: color

Fig. 5. Test images from Microsoft Research: 1024x768

After obtaining depth information from the multi-view video, we perform
3-D warping to generate a single LDI using multiple depth images. We use the
following incremental 3-D warping equation [2] because the original McMillan’s
warping equation [15] is very complex and has many parameters to be computed.
If we use the incremental warping equation, we can avoid those problems and
reduce the computational complexity for 3-D warping. When C1 = V1 · P1 ·
A1, C2 = V2 · P2 · A2, the transform matrix T1,2 = C2 · C−1

1 . C is a camera
matrix, V is the viewport matrix, P is the projection matrix, and A is the affine
matrix.

T1,2 ·

⎡
⎢⎢⎣

x1
y1
z1
1

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

x2 · w2
y2 · w2
z2 · w2

w2

⎤
⎥⎥⎦ = T1,2 ·

⎡
⎢⎢⎣

x1
y1
0
1

⎤
⎥⎥⎦ + z1 · T1,2 ·

⎡
⎢⎢⎣

0
0
1
0

⎤
⎥⎥⎦ (1)

where (x1, y1) is the pixel location in C1, z1 is the depth at (x1, y1). (x2, y2) is
the warped pixel location in C2.

The camera matrix C can be easily calculated for 3-D synthetic scenes.
While the viewport matrix is computed from the image resolution, the pro-
jection matrix is automatically determined by OpenGL according to the orthog-
onal/perspective view, and the affine matrix is computed from the rotation and
translation matrix. However, it is difficult to estimate these three matrices in
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the natural video because the meanings of projection and affine matrices are not
clearly defined. For this reason, we try to calculate the camera matrix C without
estimating each V, P, and A matrix from the natural multi-view video. Because
the MSR data set contains a 3x4 affine matrix, the camera matrix C can be
computed by

C =

⎡
⎢⎢⎣

R11 R12 R13 T1
R21 R22 R23 T2
R31 R32 R33 T3
0 0 0 1

⎤
⎥⎥⎦ (2)

where R is a 3x3 rotation matrix and T is a 3x1 translation matrix. We construct
the camera matrix C by adding an additional row. This is reasonable because
the camera matrix C is a 4x4 homogeneous matrix, consisting of rotational and
translational components. Figure 6 presents the overall procedure for generating
LDI from the natural multi-view video, not from 3-D synthetic models.

Natural Video (Test Sequence) Test Data with Depth Info.

Disparity/Depth Map Extraction

3-D Warping

Depth Comparison

Layered Depth Image

Test Data without Depth Info.

Disparity/Depth

Estimation

Given Depth

Natural Video (Test Sequence) Test Data with Depth Info.

Disparity/Depth Map Extraction

3-D Warping

Depth Comparison

Layered Depth Image

Test Data without Depth Info.

Disparity/Depth

Estimation

Given Depth

Fig. 6. Generation of LDI from the natural multi-view video

5 Framework for Multi-view Video Coding Using LDI

An important aim of the multi-view video is to provide view-dependant scenes
from the pre-captured multiple videos. This goal is similar to the functionality
of image-based rendering (IBR) techniques, the novel view generation using 2-D
input images. Inspired by this idea, we propose a framework for multi-view video
coding using the concept of LDI.

As shown in Fig. 7, the first color and depth frames of the multi-view video
are collected and warped to the selected LDI view by Eq. 1. Consequently, eight
color and eight depth images construct the first frame of LDI sequence. In this
paper, the LDI sequence and LDI frames have the same meaning, which is the
collection of LDIs. Once we obtain the LDI frames from the above procedure,
the reconstruction of multiple views is a basic functionality of LDI. Since LDI
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contains all the necessary information to generate an arbitrary view, it can re-
produce any viewpoints by using the incremental 3-D warping. In addition, we
can apply LDI coding algorithms to compress the generated LDI frames.

We obtain LDI frames from multi-view video test sequences by 3-D warping
using the given depth images. Since there is information loss caused by depth
comparison and thresholding in generating LDI, the compensation procedure is
required before reconstructing the original multi-views. The depth thresholding
is closely related the quality of reconstructed views. The reconstruction quality
decreases as we increase the threshold value.

In the encoding step, LDI data could be preprocessed [16] and H.264/AVC is
applied to those processed data adaptively. One important thing to be considered
in the encoding process is to exploit the special characteristics of LDI, which are
described in Section 3. Because each layer of LDI contains empty pixels, we
should fill or remove those vacant holes before applying H.264/AVC.
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Fig. 7. Framework for multi-view video coding using LDI

6 Experimental Results and Analysis

We have generated LDI frames from Ballet and Breakdancers sequences of the
MSR data set by using the incremental 3-D warping. We have used the depth
images provided by MSR, not the estimated depth maps. For eight color and
depth frames of multi-view videos, we perform the incremental 3-D warping to
construct LDI frames. In other words, the first eight color and depth frames of
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Ballet and Breakdancers are used to generate the first LDI frame, the second 16
images are used to construct the second LDI frame, and so on.

The main part of generating LDI frames from the natural multi-view video is
the incremental 3-D warping. Figure 8 shows the results of 3-D warping using the
constructed camera matrix. We can observe that actors are slightly rotating as
the camera number changes. In order to identify the warping results clearly, we
do not interpolate holes. White pixels in each image represent the holes, which
are generated by the 3-D warping. In Fig. 8, camera number 4 is the reference
LDI view and the warping has been performed from other camera locations to
the reference LDI view. When the warping is carried out from the left cameras
(camera 0, 1, 2, and 3) to the reference camera, major holes are created along
the right side of the actors. On the other hand, holes are mainly distributed in
the left side of the actors as the warping is done from the right cameras (camera
5, 6, and 7) to the LDI view.

When we perform the 3-D warping, it is needed to align warped images
carefully before the depth comparison. It is clear that the depth comparison
should be accomplished at the same pixel location of each object. Otherwise,
warped images are overlapped and the result becomes similar to an afterimage.
The block-based image alignment has been performed after the 3-D warping in
order to compare depth values at the correct locations.

(a) Cam. 0 to Cam. 4 (b) Cam. 1 to Cam. 4 (c) Cam. 7 to Cam. 4

• • •

(a) Cam. 0 to Cam. 4 (b) Cam. 1 to Cam. 4 (c) Cam. 7 to Cam. 4

• • •• • •

Fig. 8. Results of the incremental 3-D warping

Figure 9 depicts the characteristics of each layer of the constructed LDI. We
can clearly see the characteristics of LDI. There are no holes in the first layer
but holes are increased as the number of layers increase.

Table 3 lists the data size between multi-view frames of the test sequence
and the generated LDI frame [17]. In Table 3, the sum of frames implies the
summation of the data size of eight color and eight depth images. It is clear
that the data size is reduced by converting multi-view video to LDI frames even
without any encoding process.

There are several issues to be considered in future experiments. First, the
relationship between the number of layers and the quality of reconstructed multi-
views should be analyzed carefully. Second, shape adaptive transforms, such
as a shape-adaptive discrete cosine transform (SA-DCT) and a shape-adaptive
discrete wavelet transform (SA-DWT), could be used to encode LDI data because
H.264/AVC supports only the 4x4 integer transform. Finally, we will conduct
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(a) 1st Layer (b) 2nd Layer (c) 3rd Layer (d) 4th Layer

(g) 7th Layer(f) 6th Layer(e) 5th Layer

(a) 1st Layer (b) 2nd Layer (c) 3rd Layer (d) 4th Layer

(g) 7th Layer(f) 6th Layer(e) 5th Layer

Fig. 9. Pixel distribution in each layer of the constructed LDI

Table 3. Comparison of data size between multi-view frames and LDI frame [kBytes]

Ballet 1st 8 frames 2nd 8 frames
Sum of frames (Color + Depth) 25,165.9 25,165.9

LDI frame 14,078.0 14,061.6
Breakdancers 1st 8 frames 2nd 8 frames

Sum of frames (Color + Depth) 25,165.9 25,165.9
LDI frame 12,726.6 12,689.7

more experiments on the data aggregation and efficient encoding methods using
more test sequences with depth information.

7 Conclusions

In this paper, we have described a procedure to generate layered depth images
(LDIs) from the natural multi-view video and also proposed a framework for
multi-view video coding (MVC) using the concept of LDI. Unlike previous al-
gorithms for MVC, we exploit the concept of image-based rendering techniques.
Incremental 3-D warping has been successfully performed using the newly con-
structed camera matrix. Furthermore, the data size of the original multi-view
frames has been reduced by converting them to LDI. From these experimental
results, we have observed that our framework is useful for efficient coding of
multi-view video data.
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