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ABSTRACT
In this paper we describe an approach for 3D-TV Layered
Depth Video (LDV) - Content creation using a capturing system of four CCD - Cameras and Time-Of-Flight - Sensor (ToF
- Camera). We demonstrate a whole video production chain,
from calibration of the camera rig, to generation of reliable
depth maps for a single view of one of the CCD - Cameras,
using only estimated depth provided by the ToF - Camera.
We additionally show that we are able to generate proper occlusion layers for LDV - Content through a straight forward
approach based on depth background extrapolation and backward texture mapping.
Index Terms— Image, Sensor, Filtering, Depth, Threedimensional display, TV, Camera
1. INTRODUCTION
Recently the concept of 3D-TV has gained more and more in
importance, not at least due to increased quality of stereoscopic and autostereoscopic displays inducing a growth in
consumer acceptance.
The pioneer projects on addressing the issues of 3D-TV production and broadcasting were such projects as ACTS MIRAGE and RACE DISTIMA [1, 2]. In these projects, a direct
approach of capturing and transmitting two separate video
streams, one for the left and right eye, was proposed. While
such data representation may have its advantages, it in general lacks the flexibility in display choice and is limited to
only two views with rather short baseline.
To overcome this limitations, a more generic depth-based representation decoupling the camera and display geometries and
therefore providing higher flexibility at the display side was
needed. The main idea was to enrich a color image with
depth information for each pixel, so that new views could
be generated through image based rendering methods (DIBR)
[3]. One of the first research activities which could demonstrate the feasibility of such content representation was the
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EU project PANORAMA [2, 3], which mainly focused on
stereoscopic videoconferencing. The following EU project
ATTEST [4] has then further adapted the concept of depth
representation and successfuly applied it to the requirements
of 3D-TV processing.
In 2008 a new EU project 3D4YOU has been started. One
of the project goals is to investigate the improvement of the
depth-based data format through more sophisticated formats,
such as Layered Depth Video (LDV) and Multiview Plus Depth
Video (MVD) [5]. Both formats are extensions to the video
plus depth format and should improve its shortcomings concerning the limited range of views due to the increasing occlusion areas at object discontinuities.
This paper is affiliated to the scope of the 3D4YOU project
and describes an approach on integration of ToF - Camera
[6] into a capturing system for 3D-TV production. For generation of LDV - Content very reliable and consistent depth
maps are required. However, depth estimation from color images is a difficult and error prone process especially on object
boundaries and in textureless regions. Using the ToF - Camera gives an advantage of getting reliable depth information
in these regions without complicated estimation. This depth
information can then for example be used as starting point by
one of the state of the art stereo methods to further improve
the estimated depth quality [7].
In the following sections we will describe the processing chain
from calibration of the capturing system to producing LDV Content and we will demonstrate the benefits of the ToF Camera for the 3D-TV production.
2. DESCRIPTION OF THE CAPTURING SYSTEM
The capturing system was developed in the 3D4YOU project
und consists of four CCD - Cameras Sony X300 with 1920 ×
1080 resolution and a ToF - Camera Swiss Ranger 3000 [8]
with 176 × 144 resolution, rigidly coupled on a camera rig1 .
All four CCD - Cameras are approximately parallel aligned.
The optical axes of the two middle cameras (cameras nr. 2 and
1 see also public deliverable D1.1.2 available on the projects website:
www.3d4you.eu
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nr. 3) are aligned through a mirror, which allows a very short
baseline of 60 mm. The two outer cameras (cameras nr. 1 and
nr. 4) are to the left and right of the middle pair at 250 mm
distance (see Figure (1)). The ToF - Camera is an active range

(a) Photo of the camera rig (b) A schematic representation
Fig. 1. Capturing System
sensor, which is positioned on top of the camera 3. The ToF Camera emits modulated infrared light at 20 MHz frequency
and measures the time per pixel which the light needs to come
back through special correlation element. The measured time
together with the light speed gives then the depth information
for each pixel. In addition, a reflectance image measures the
amount of reflected IR amplitude.
3. CONTENT ACQUISITION AND PROCESSING
For the data acquisition, four streams are simultaneously captured from the CCD - Cameras at 30 frames per second. The
ToF - Camera takes pictures at 15 frames per second. Unfortunately there is currently no possibility to synchronize the
ToF - and CCD - Cameras on hardware level, so the clap in
front of the cameras, at the beginning, is used to manually
synchronize the cameras for content postprocessing.
3.1. Calibration
For the further data processing, a reliable calibration of the
complete camera rig is required. Due to bad SNR of the reflectance image, low pixel resolution and systematic errors in
the depth measurement, the ToF - Cameras are difficult to calibrate with traditional calibration methods. In [9] therefore
the authors propose to calibrate the ToF - Camera together
with multiple CCD - Cameras in a joint method. Here we
briefly describe the main idea.
In the first calibration step the 2D to 3D correspondences are
established between a checkerboard pattern and reflectance
images of the cameras. Using this correspondence the initial
internal and external camera parameters are estimated using
the standard methods of openCV. In a second step an analysisby-synthesis approach is used where the internal and external camera parameters are further refined in a non-linear optimization. For the correction of the systematic depth measurement errors, which is not only a constant offset but a higher
order function, the authors model the correct depth through a

third order polynomial, whose parameters are also estimated
in the optimization process [9].
3.2. Mean Filtering and Mixture of Gaussians
Unfortunately the depth images provided by the ToF - Camera are very noisy. Therefore we apply mean filtering in time
directly after the capturing process.
Using the Mixture of Gaussians method for movement detection [10], slightly adapted to the use on depth images, we are
able to constrain the filter only to the areas without movement
and so to prevent the filtering errors which can be caused by
the moving objects. The idea behind the Mixture of Gaussians
method is to represent all possible backgrounds for a pixel
through a mixture of N Gaussian distributions. The probability that a value vt for a pixel is observed to the certain time t
is then given through:
P (vt ) =

N
X

ωi,t G(vt , µi,t , σi,t ),

(1)

i=1

where G is the Gaussian kernel of the i-th distribution, with
mean value µi,t , variance σi,t , and the weight ωi,t which reflects the amount of data belonging to this distribution.
For each pixel in the depth image the value vt at time t is then
tested against all the Gaussian distributions. If a distribution
i is matched, the weight wi,t is increased and the mean value
and variance are updated according to:
µi,t = (1 − φ)µi,t−1 + φvt ,
2
σi,t

= (1 −

2
φ)σi,t−1

2

+ φ||vt − µi,t || ,

(2)
(3)

where φ is the control parameter for the update rate. For all
unmatched distributions only the weight wi,t is decreased. If
no distribution is matched at all, a new distribution is created
and, if the number of distributions is smaller then N , added
to the already existing distributions. If the number of distributions is already N , the distribution with the smallest weight
wi,t is replaced by the newly created distribution. At time t
the distribution with the highest weight wi,t is considered to
be the background model. One of the advantages of the Mix-

(a) Original depth image

(b) Filtered depth image

Fig. 2. Original and mean filtered ToF depth images; depth
values inverted for better visibility [dark = far, light = near]
ture of Gaussians models is that if a moving object remains

stationary for a certain time, it will be adapted as background
and included in the mean filtering. The other point is that
if a background is shortly occluded by a moving object its
distribution will still be maintained and can be adapted fast
when the object moves away. Figure (2) shows an example of
aplying the mean filtering in time with integrated Mixture of
Gaussians motion detection to the raw Time-Of-Flight depth
image.
3.3. Fusion of depth and color images
The ToF - Camera computes low-resolution depth images from
the view point of the ToF - Camera. To compute depth data for
the high-resolution color images, the depth image is warped
into the position of the color camera, taking into account the
known relative calibration and scene depth. A 3D surface
mesh is generated for each depth image and rendered into the
color camera’s view [11] . Figure (3) shows the color image
(a) and resulting warped depth map (b) for camera 3. Due to

and update D(x, y) through found polynomial minimum; build new cost volume based on updated depth
image and start new iteration
The bilateral filtering is expensive and depends strongly on
the image size and on the filter mask size. Therefore we use
the approximation of the bilateral filter as proposed in [13]
and implement the refinement process on gpu using fragment
shaders. To further improve the refinement results we apply
the above described approach multiple times with varying filter sizes, starting with very large filters and decreasing the
filter size stepwise (typically 3 or 4 refinement steps).
Figure (4) shows (a) the color image with segmented forground and (b) the refined depth map. The foreground seg-

(a) Color image (Foreground)

(b) Depth image

Fig. 4. Results after color alignment; depth values inverted
for better visibility [dark = far, light = near]
(a) Color image

(b) Depth image

Fig. 3. Result from warping the ToF depth map to camera 3;
depth values inverted for better visibility [dark = far, light =
near]

mentation was performed by marking a pixel as background
if its depth value from the refined depth map lies above a certain threshold for background. This segmentation shows the
high quality of the refined depth map.
4. OCCLUSION LAYER GENERATION

occlusions at object boundaries and the very different image
resolution (176 × 144 vs. 1980 × 1080), boundary artefacts
will occur in the warped depth map. To correct such artifacts
we perform a color alignment between the warped depth map
and the corresponding color image, based on bilateral filtering, as proposed in [12]. In the following we shortly describe
the applied method and refer to the paper for more details.
In the first step a coarse cost volume based on the warped
depth image is constructed:
C(d, x, y) = min(n · L, (d − D(x, y))2 ),

(4)

where L and n are constants for the cost truncation, D(x, y)
the warped depth image and d stands for the current depth
candidat. In the second step this cost volume is iterativly refined as follows:
1. filter each d - slice of the cost volume with the bilateral
filter constructed from corresponding color image; for
each position (x, y) find dˆ = mind C(x, y, d)
2. perform quadratic polynomial interpolation of filtered
ˆ dˆ− 1, and dˆ+ 1 for subpixel estimation
cost between d,

After the color alignment, all pixels with the missing depth
value are assigned the background depth from the neighborhood. Here we currently make a simplified assumption of
planar background, but for more sophisticated depth estimation, stereo matching can be used.
By warping the pixels of the color image according to the
depth values, new views can then be generated to the left and
right of the current view. By moving to the side of the current view, new areas become visible, where no texture information is available in the original view (see Figure (5) left).
Such areas are called occlusions and can be either handled by
interpolation of the original texture, which produces undesirable ”rubber sheet” effect on the object boundaries, or by using a layered depth image, where occlusions are represented
through an additional occlusion layer, consisting of texture
and depth information for the background. Here we propose
a straight forward approach for occlusion layer generation.
We first warp the depth map to the most outer left and right
views relative to the camera 3, according to the depth values.
In the outer views, all areas which don’t have depth values
assigned are then marked as occluded in the original view.

For these areas, we currently estimate depth through background extrapolation from neighborhood. But here again one
of the stereo matching methods can be used for more correct
depth estimation. The filled occlusion areas are then warped
back, according to the estimated depth values, from the outer
views to the main view and merged to a depth map with the
occlusion layer. In the second step we use backward mapping
according to available depth values from the main view into
the outer cameras to get the corresponding texture information. Figure (5) shows a new view, generated left from the
main view, with and without estimated occlusion layer. Note
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Fig. 5. Generated view, without (left) and with the occlusion
layer (right).
that texture errors on the object and occlusion layer boundaries in the new view might occur due to alignment errors
between depth and color edges in the main view. Such errors
can be minimized through further refinement of the depth map
by stereo matching, before occlusion layer calculation. However, they can’t be completely corrected because of the aliasing in the color images, so that blending and image compositing techniques by the generation of new views are required
[14, 15]. This will be the focus of further research.
5. CONCLUSIONS
We present an approach of LDV - Content creation for 3DTV production using a ToF - Camera integrated into a camera
rig of four CCD - Cameras. We have shown that, using only
the ToF - Camera for depth estimation, one is able to generate
a reliable dense depth map for one of the CCD - Cameras
and to use this depth map for occlusion layer generation. The
future work will include the combination of the ToF - data
with stereo matching to further improve the content quality.
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