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Abstract— We present a complete system for efficient
3D video object extraction, representation, coding, and
interactive rendering. 3D video objects provide the same
functionalities as virtual computer graphic objects but
also depict motion and appearance of real world moving
objects. They can be viewed interactively from any direction and can be integrated in complete 3D scenes together
with other virtual or real world elements. In this work,
data representation is based on 3D mesh models and
view-dependent texture mapping using video textures. The
geometry extraction is based on a shape-from-silhouette
algorithm. The resulting voxel models are converted into
3D meshes. For efficient compression of such dynamic 3D
meshes, we present a novel algorithm that significantly
outperforms available standard approaches. The corresponding video textures are preprocessed taking the object’s shape into account and coded using H.264/AVC.
The presented results show that a complete and efficient
transmission system for 3D video objects can be built.
I.
INTRODUCTION
The term “3D video object (3DVO)” describes a new representation format for visual media that allows free navigation around real world dynamic objects by choosing
arbitrary viewpoints and viewing directions. 3DVOs are
an extension of classical computer graphic objects towards
representing motion and appearance of real world moving
objects. This is illustrated in Fig. 1. It shows 3 rendered
views at 3 different time instances from 3 different virtual
viewpoints. These are snapshots from a virtual camera fly
around the object as it moves. The complete video as well
as other examples can be downloaded from [1].
Different representation and rendering formats have
been proposed for 3DVOs. A straightforward solution is
to use 3D meshes for geometry and to combine this with
view-dependent texture mapping using the original camera views (polyhedral visual hulls) [2][3]. 3D meshes are
widely used in computer graphics and are very efficiently
supported by hardware and standard software APIs. Also
international standards, such as VRML and MPEG-4 [4],
support 3D meshes.

Fig. 1: Virtual camera fly, rendered views at 3 different
times from 3 different virtual viewpoints.
Other possible representation formats would be imagebased visual hulls [5], point-based [6], or volumetric representations [7]. However, these formats are not sufficiently supported by common graphics hardware, software, and standards. A sub-group of MPEG called 3DAV
investigates standardization in this area [8]. An overview
on interactive 3D video representation and coding can be
found in [9].
For our system we use dynamic 3D meshes with associated video textures due to compatibility and interoperability reasons. The 3D geometry of dynamic real world
objects is generated using a visual hull reconstruction algorithm from multi-camera video signals, as described in
section II. This includes a new algorithm for generation of
time-consistent meshes which are beneficial for geometry
compression. For photo-realistic rendering we apply viewdependent texture mapping using the original camera
views as described in section III. This algorithm was
adopted into the MPEG-4 computer graphics part AFX
(Animation Framework eXtension) [10].
Data representation and compression is described in
section IV. Our approach is embedded in a MPEG-4
framework. For compression of dynamic 3D meshes we
have developed a new algorithm that significantly outperforms available MPEG-4 tools. Video textures are encoded using H.264/AVC, which is the most efficient video
codec available [11]. To further increase compression
performance we apply shape-oriented preprocessing that
is specifically adapted to coding of 3DVOs.
In section V we report experimental results on geometry and video texture coding that verify the effectiveness
of the proposed techniques.

II. GEOMETRY RECONSTRUCTION
The acquisition of 3DVOs typically relies on a multicamera setup as shown in Fig. 2. In general, the quality of
the rendered views increases with the number of available
cameras. However, equipment costs and often the complexity costs required for processing increase as well. We
therefore consider a classical tradeoff between quality and
costs by limiting the number of cameras and compensating this by geometry extraction.

Fig. 2: Multi-camera setup for 3DVO acquisition.
The first step of our algorithm consists of deriving intrinsic and extrinsic parameters for all cameras that relate the
2D images to a 3D world coordinate system since our geometry extraction and rendering algorithms require
knowledge of these parameters. These parameters are
computed from reference points using a standard calibration algorithm [12].
In the next step, the object to be extracted is segmented in all camera views. For that we use the combination of an adaptive background subtraction algorithm and
Kalman filter tracking. The results of this step are silhouette videos that indicate the object’s contour for all cameras. For details please refer to [13]. The 3D volume containing the object is reconstructed from the silhouette images using an octree-based shape-from-silhouette algorithm [14]. After visual hull approximation the object’s
surface is extracted from the voxel model by applying a
marching cubes algorithm and represented by a 3D mesh
[15]. This process is repeated for every time instant resulting in a sequence of 3D meshes, describing motion and
deformation of the object‘s geometry over time. Therefore
this sequence of 3D meshes contains large amounts of
statistical dependencies in the temporal domain, which
can be exploited for compression as described in section
IV.
In principle it is possible to use time-consistent models
to represent a 3D geometry over time. Such timeconsistent models use the same mesh-connectivity over
time, only the 3D position of the vertices changes. However, we have found experimentally that due to deformations and imperfections of the reconstruction process, the

time-consistency constraint can only be exploited over a
limited time of e.g. 0.5s. Note that we are not using any a
priori assumptions about the object’s geometry, which
could ease the use of time-consistent meshes (see e.g.
[16]). We therefore use a time-consistent mesh for a group
of meshes (GOM) of 11 time instances (approx. 0.5s). The
mesh of the middle frame (i.e. the 6th) is reconstructed
independently as described before. The meshes 1-5 and 711 of each GOM are reconstructed using the available
meshes as reference. The connectivity is the same for all
meshes in a GOM.
For all dependently reconstructed meshes we first extract a highly overrepresented 3D mesh (e.g. 25000 vertices) by constraining the marching cubes algorithm appropriately. Then we match the vertices of the temporally
nearest available mesh (e.g. 1000 vertices) to the overrepresented point cloud of the actual geometry. For each vertex of the available mesh we compute one correspondence
within the point cloud using neighborhood criteria, including vertex position and normal features. Thus we end up
with a time-consistent mesh with the same connectivity
and translated vertices.
This process introduces a fixed delay of 6 frames. Still
this algorithm is a simple and straightforward solution.
Future work will include a more sophisticated extraction
of time-consistent meshes using 3D motion estimation.
RENDERING WITH VIEW-DEPENDENT TEXTURE
MAPPING
For photo-realistic rendering, the original videos are
mapped onto the reconstructed geometry. Natural materials may appear very differently from diverse viewing directions depending on their reflectance properties and the
lighting conditions. Static texturing (e.g. interpolating the
available views) therefore often leads to poor rendering
results. We have developed an algorithm for viewdependent texture mapping that more closely approximates natural appearance when navigating through the
scene.
III.
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Fig. 3: Weighted virtual view interpolation.
Fig. 3 illustrates the idea. The textures are projected onto
the geometry using the calibration information. For each
projected texture a normal vector ni is defined that points
into the direction of the original camera. For generation of
a virtual view into a certain direction vVIEW a weight wi is
calculated for each texture, which depends on the angle θi
between vVIEW and ni [17]:
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The weighted interpolation ensures that at original camera
positions the virtual view is exactly the original view. The
closer the virtual viewpoint is to an original camera position the greater the influence of the corresponding texture
on the virtual view. If one angle θi approaches zero, the
weight approaches infinity. All other weights can be neglected in this case.
In order to avoid overlighting the weights are normalized such that they always sum up to one:
ai =

wi
.
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This weighted interpolation approximates intermediate
views enabling realistic virtual camera flights through the
scene. This functionality is not only interesting for 3DVOs
but for other computer graphic applications as well. We
therefore proposed this algorithm for a recent extension of
the MPEG-4 computer graphics standard AFX, where it is
included now [10].
IV.

REPRESENTATION AND CODING WITH MPEG-4 AND
H.264/AVC
MPEG-4 already provides a rich framework for interactive
and 3D audio-visual media, including representation and
compression tools for natural audio, video, and computer
graphics. These elements can be combined to build a large
variety of multimedia applications and systems.
Since view-dependent texture mapping as described in
the previous section is now supported by AFX, our representation format for 3DVOs is compatible to MPEG-4.
Furthermore, we have developed a new coding algorithm
for dynamic 3D meshes as described in the next section
that significantly outperforms available MPEG-4 tools.
We intend to propose this algorithm for a future extension
of AFX.
Thereafter coding of video textures is described. We
apply the most efficient available video coding standard
H.264/AVC together with shape-oriented preprocessing.
IV.1. Coding of dynamic 3D meshes
MPEG-4 already provides an efficient tool for compression of static 3D meshes called 3D Mesh Coding (3DMC).
This tool can readily be used in our scenario as well and
therefore represents the reference method. Note that in this
case all meshes are encoded independently of each other
(corresponds to intra only coding in video). However, as
explained above, the time-consistent meshes in our scenario contain a large degree of temporal statistical dependencies that can be exploited for further compression.
We have therefore developed a novel compression scheme
for such time-consistent dynamic 3D meshes (Differential
3DMC (D3DMC)).
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Fig. 4: Block diagram of D3DMC encoder.
Fig. 4 shows a block diagram of the encoder. It contains
MPEG-4 3DMC as fallback mode that is enabled through
the Intra/Inter switch that is fixed to either one per 3D
mesh. This Intra mode is used for instance when the first
mesh of a GOM is encoded, i.e. when no prediction from
previously transmitted meshes is used. Additionally, the
Intra mode can also be assigned by the encoder control in
any other case, i.e. if the prediction error is too large. This
fallback modus provides backwards compatibility to
3DMC and ensures that the new algorithm can never be
worse than the state-of-the-art.
The new predictive mode is a classical DPCM-loop
with arithmetic coding of the residuals. First the previous
decoded mesh is subtracted from the current mesh to be
encoded. This step can only be done if time-consistent
meshes with the same connectivity are available, and
therefore we have constrained the mesh extraction process
as described above. Subtraction means component-wise
subtraction of x-, y-, and z-coordinates of the corresponding vertices. Then only a difference signal with reduced
temporal redundancy is further processed.
In the next step, the spatial clustering algorithm in [18]
is applied to the difference vectors, in order to compute
one representative for a number of vectors. The algorithm
assumes that all difference vectors within the bounding
cube are tri-linearly interpolated from the (initially unknown) 8 corner vectors in a least-square sense. The corresponding interpolation weights are determined from the
spatial position of a difference vector within the cube. By
solving the over-determined linear interpolation problem,
the corner vectors are calculated, leaving a certain interpolation error. If the error exceeds a given threshold, the
bounding cube is subdivided into eight cubes and the algorithm is repeated for each sub-cube. Thus, the difference
vectors are represented by corner vectors achieving significant data reduction, especially in areas of homogenous
spatial motion. Different quality and bitrate levels can be
adjusted by variation of the error threshold, i.e. the average size of the cubes. Future work will include a Lagrangian formulation to the problem of determining optimum
cube size for a particular bit rate.
Finally the residual signal is passed to an arithmetic
coder for further lossless compression. CABAC [19] is

IV.2.Video texture coding
For coding of dynamic textures, which are in fact video
sequences, we have investigated several video codecs:
MPEG-4 Core Profile and H.264/AVC Main Profile. The
latter does not support variable shape coding. However,
for rendering of 3DVOs at the decoder, we don’t need to
transmit the complete rectangular video. Only the area
covered by the object of interest needs to be transmitted.
Therefore the video is preprocessed prior to encoding as
illustrated in Fig. 5. For that, we extracted the bounding
box that completely contains the object. The width and
height of the bounding box is an integer multiple of 16 to
fit entire macroblocks. Within the bounding box all empty
macroblocks are set to a constant value of 128. Note that
we do not need to transmit the shape information since it
is already given at the decoder by the 3D mesh model.
Finally, the video is encoded using standard H.264/AVC
syntax.

chicken model (Fig. 7). As reference these meshes were
encoded using standard 3DMC, which allows varying the
number of bits used per vertex. Then the meshes were
encoded using D3DMC. For that we varied the size of the
GOM and the bitrate (by variation of the error threshold
for clustering). For quality evaluation we use an average
mean squared error (MSE) measure between original and
decoded vertices averaged over all vertices of a sequence.
Fig. 6 compares the MSE over bitrate for 3DMC and
D3DMC. For D3DMC we show a GOM of 10 and a GOM
of 400, which means that only the first mesh is INTRA
coded. The results prove a significant increase of compression performance. For GOM400 we get the same
quality at 10-20% of the bitrate. Still for GOM10 we get
the same quality at 15-25% of the bitrate compared to
standard 3DMC. As expected the gain increases with the
GOM size.
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used to efficiently adapt to the signal statistics. First the
probability density function (pdf) of the data was analyzed, finding a Laplacian distribution to be superimposed
by further small peaks at varying positions due to the clustering algorithm. Therefore, CABAC is well suited, since
it combines algorithms that fit these pdf-features: Firstly,
the binarization uses unary/kth-order Exp-Golomb codes to
not only assign small code words to most frequent symbols but also fit to certain outliers (i.e. limit the code word
length) that frequently occur. Furthermore, the unary as
well as the Exp-Golomb part of the code are calculated
from the data to minimize overall code length. The second
important feature of CABAC is its usage of multiple context models to better fit the input signal statistics. Thus the
algorithm can adapt to changing statistics, since 3D
meshes exhibit a variety of global and local motion that
significantly modify the corner vector distribution.
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Fig. 6: MSE over bitrate for 3DMC and D3DMC, Chicken
Crossing sequence.
Some visual examples are shown in Fig. 7. Left is the
original mesh at a certain time from a certain viewpoint.
The middle image shows the corresponding decoded mesh
using 3DMC coded at 915 kbit/s. The right image shows
the same mesh decoded using D3DMC coded at
507 kbit/s.

Fig. 7: Original mesh (left) and decoded meshes using
3DMC at 915 kbit/s (middle) and D3DMC at 507 kbit/s
(right).
Fig. 5: Shape-oriented preprocessing for H.264/AVC.
V. EXPERIMENTS
The experiments were performed with several real and
synthetic test data sets.
V.1. Coding of dynamic 3D meshes
We first present results for the synthetic “Chicken Crossing” sequence. This is a sequence of 400 time-consistent
meshes with 3030 vertices produced by animation of a

The same comparison was done for the meshes reconstructed from the real world data set Doo Young (16 sequences, 640x480, 25Hz) as explained in section II. As
explained before we use a fixed GOM size of 11 for real
world sequences. The comparison of quality over bitrate is
shown in Fig. 8. Again D3DMC clearly outperforms
3DMC. We get the same quality at 30-75% of the bitrate.
The gain decreases with the bitrate.
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Fig. 8: MSE over bitrate for 3DMC and D3DMC, Doo
Young sequence.
Visual results for the real data set are shown in Fig. 9. The
bitrate for D3DMC is slightly higher than for 3DMC,
however, the visual reconstruction quality is significantly
improved.

A typical example result for one sequence is shown in Fig.
10. For such sequences with relatively static background
as shown in Fig. 5 (changes only due to noise, shadows
and lighting effects) H.264/AVC is much more efficient
even if the complete video is encoded.
However, encoding the background with H.264/AVC
is a waste of bits in our application scenario. We therefore
applied preprocessing as described above to all the test
sequences and encoded the results with H.264/AVC Main
profile. Then we evaluated the PSNR gain within the object compared to coding the complete video with
H.264/AVC Main profile as described before. We again
get a significant gain for the mean object PSNR of up to
2.6 dB. The gain depends on the content and most of all
on the size of the resulting bounding box. Table 1 shows
the results. We get the largest gain for small bounding
boxes. For large bounding boxes we get small gains and
even losses. The mean gain increases with the bitrate from
0.99 and 1.13 to 1.31 dB for 64, 128 and 256 kbit/s/view
respectively. These results show that even such simple
preprocessing can significantly improve the results for
video object coding. Our future research will include a
better integration of shape-adaptive coding algorithms into
H.264/AVC.
Table 1: Object PSNR gain using preprocessed video.
Seq. #

Fig. 9: Original mesh (left) and decoded meshes using
3DMC at 307 kbit/s (middle) and D3DMC at 343 kbit/s
(right).
V.2. Video texture coding
The state-of-the-art standard codec with shape support is
MPEG-4 Core profile [4]. We have therefore encoded the
test set with MPEG-4 Core profile in arbitrary shape mode
at different bit rates (using Microsoft reference software).
Then we encoded the complete sequences with
H.264/AVC Main profile (JVT reference software with
similar settings). The PSNR was evaluated only within the
object shape in both cases. In all our experiments
H.264/AVC Main profile outperformed MPEG-4 Core
profile significantly for several dB, even if the bits used
for shape by MPEG-4 Core profile were subtracted.
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Fig. 10: PSNR within object for several codecs over bitrate.
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V.3. Combination of geometry and texture coding
Decoded geometry and texture are finally combined for
rendering with view-dependent texture mapping. Compression of 3DVOs inherently includes splitting the available overall bitrate between geometry and texture that has
to be optimized for a particular application at hand. Also
the number of textures transmitted needs to be determined
against the bit rate per view [14]. We performed exhaustive experiments around this issue that cannot be reported
within the scope of this paper. An example is illustrated in
Fig. 11. From the data set we selected 8 cameras for texture mapping (table 1). The left image shows a rendered
virtual view of the 3DVO using uncoded geometry and
texture. The middle image shows the same view with geometry coded at 343 kbit/s and video texture coded at 1
Mbit/s (i.e. 128 kbit/s/view). The right image gives the
same view using 110 kbit/s for geometry and 0.5 Mbit/s
for video texture. This example illustrates the degradation
of quality with decreasing bitrate.

[7]

[8]
Fig. 11: Rendered views of 3DVO, uncoded (left), 1.34
Mbit/s (middle), 0.61 Mbit/s (right).
VI. CONCLUSIONS AND FUTURE WORK
The presented system for 3DVOs covers the entire processing chain from cameras to interactive display including
data compression. We have presented a novel algorithm
for compression of dynamic 3D meshes that significantly
outperforms available technology. For video texture coding we use shape-oriented preprocessing and H.264/AVC.
Our results indicate the suitability of the tested approaches
for the envisaged application. Future work will include an
advanced algorithm for time-consistent mesh extraction,
rate-distortion-optimized mesh coding, better integration
of shape-adaptivity into H.264/AVC, and integration into
complete applications and systems.
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