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1.

Introduction

In this document, we present a new camera system combining five time-of-flight depth
cameras and multiple video cameras to generate multi-view video sequences and their
corresponding depth information. In order to obtain the multiple video-plus-depth data
using the multi-depth camera system, we first capture multiple video sequences using a
multi-view camera system and three depth maps by depth cameras, respectively. The
preprocessed depth image sequences are warped to the corresponding video cameras and
used as initial depth values for stereo matching. After depth estimation, we obtain the 3-D
video that is composed of the multi-view color image sequences and the corresponding
multi-view depth sequences. With this 3-D video, we can reconstruct the intermediate
view image sequences and supports more natural 3-D view synthesis for 3-D TV
applications.
2.

Multi-depth Camera System

The proposed system is composed of five depth camera and five video cameras as shown
in Fig. 1. The video camera model we use is Basler Pylon GigE [1] that can provide up to
HD resolution. The depth camera model is Swiss Ranger SR4000 [2] that uses the TOF
depth sensor. Two different kinds of cameras are mounted on a camera frame. There are
two rows to amount the cameras, and each camera system is arranged in a onedimensional array to construct a multi-view camera system. The fundamental setup is that
the first row has five video cameras and the second row has five depth cameras. These
two rows also move to the upper and lower sides. The specification of the camera frame
is shown in Table 1.
Table 1: Specification of the camera frame
Width
120cm
Height
50cm to 160cm
Min. distance
Horizontal direction: 6.5cm
between two
Vertical direction: 4cm
adjacent cameras

Figure 1: The proposed multi-depth camera system
For capturing a sequence simultaneously, we connect the video cameras to the PC for
storing through a synchronizer CA-1000 by National Instrument [3]. To synchronize the
depth cameras, we modified the software development kit (SDK) provided by Swiss
Ranger [2] for synchronized capturing. However, there is no instrument for
synchronization of two different types of cameras. Thus, video capturing and depth
capturing are respectively started with a small time difference.
3.

Data Acquisition

We can acquire not only the multi-view video sequence but also its corresponding multiview depth video sequence by using the proposed camera system. Five video cameras
capture a scene with 30fps. The maximum resolution is HD and the lower resolutions are
available by setting the ROI from the original HD resolution images. Figure 2(a) is the
captured five images by the multi-view video cameras.

Figure 2: Captured images by the proposed camera system

Depth cameras also obtain the 3-D information of the same scene with 30fps. These
depth cameras have two types of output images which are depth and intensity images.
The depth image represents the 3-D information of the scene and the intensity image is
considered as the grey images of the scene. Despite the depth camera has a small output
resolution of QCIF, we can acquire the 3-D information of the scene in real time. Figure
2(b) shows the depth image and the intensity image of the scene.
However, one problem of the depth camera is that simultaneous capturing is allowed
up to three cameras. It is the problem of modulation frequencies. To avoid interference
among radiated signals, each SR4000 uses different modulation frequencies. Since they
support three different frequencies, we can simultaneously operate up to three cameras.
Figure 2(c) shows the operating multi-depth camera system.
4.

Preprocessing

4.1. Radial Distortion Correction for Depth Images
Depth images captured by SR4000 have a large amount of lens radial distortion. There
are two types lens distortion which are barrel distortion and pincushion distortion. In this
case, the barrel distortion is occurred by the intrinsic problem of the depth camera. This
distortion causes not only the shape mismatch between the color image and the
corresponding depth image but also the errors in the results of some feature point based
processing such as camera calibration.
In order to avoid that situation, we have to perform radial distortion correction to the
obtained depth images. In general, there are two main categories of radial distortion
correction. Methods in the first category use the point correspondences between two or
more views. The second category also has lots of approaches which are based on the
distorted straight line components in the image.
In the proposed multi-depth camera system, we use one of the second approaches to
correct the radial distortion in the depth images [4]. After finding the curved straight line
component in the captured image, we estimate the distortion center and the distortion
parameter. With the distortion information, we can reconstruct the image from the
distorted image. Figure 3 shows the depth and intensity images before and after the
correction.

Figure 3: Results of radial distortion correction

4.2. Multi-view Image Rectification
To capture the multi-view video and multi-view depth video to generate the 3-D video,
our proposed camera system has the video cameras and depth cameras on onedimensional parallel arrays. However, the cameras are manually mounted on the camera
frame. Therefore, there exist geometric errors that mean the non-ideal parallel camera
arrangement. These errors are represented as the vertical pixel mismatches and the
irregular horizontal disparities between the inter-view corresponding points as shown in
Fig. 4(a).
The geometric errors in the multi-view image are obstacles to processing time and
accuracy in 3-D video generation and application. Also, they deteriorate not only the
correlation among views but also the visual quality of the 3-D video. Thus, it is essential
to minimize the geometric errors in the multi-view image [5]. As depicted in Fig. 4(b),
rectified multi-view image has the same vertical coordinates and regular disparities
between the corresponding points. All intrinsic parameters have the same characteristics
after rectification.

Figure 4: Results of multi-view image rectification
4.3. Color Enhancement
Although we capture a scene using the same kind of multiple cameras in the consistent
condition, there exists color mismatch problem among views. It is caused by different
color characteristics of the cameras. Because this problem can decrease the efficiency and
quality of some processes such as depth generation and intermediate view synthesis, we
have to adjust each image to reduce the color mismatch.
There are three main approaches to correct the color mismatch problem in the multiview image. The first approach usually sets one view image as a reference and then
adjusts the other view images. The advantage of this approach is the simplicity. However,
the disadvantage is the high dependency on the input image characteristics since the
occlusion and disocclusion regions are not considered [6].
The second approach is to use the standardized color chart called Macbeth chart shown
in Fig. 5. This approach is independent on the input images and provides high accuracy.
However, we cannot apply the color correction to the image that has no color chart
information [7].

Figure 5: Captured image of the color chart

4.4. Depth Correction
Depth information obtained from the depth camera has nonlinear characteristic between
the real depth and its depth value. Moreover, when we use multiple depth cameras, there
is irregularity in depth values of multiple depth images due to the camera intrinsic
features. Since these characteristics give wrong 3-D information of the captured scene,
we have to correct depth values before applying 3-D warping.

Figure 6: Image capturing according to regular interval
To correct multiple depth images, we obtain still images of the check-patterned board
with moving it from the farthest plane to the front with regular interval as shown in Fig. 6.
From these images, we can calculate real depth values Z at each captured point by using
Eq. 1, where i indicates the i-th image and f, B, and d mean the focal length, baseline, and
disparity, respectively.
(1)

The relationship between depth value for the check-pattern and real depth is shown in
Fig. 7(a). It describes that there are irregular and nonlinear characteristics in multiple
depth images. Therefore, we find a line as a function shown in Fig. 7(b) that minimizes
the squared distance from each point to the line to correct depth values.

Figure 7: Depth value correction
To correct the multi-view depth image, we calculate the real depth of each pixel and then
obtain corrected depth value by using the function. The calculation of the real depth Z of
pixel (i, j) is
(2)

where Dmax, Dmin, D(i, j), Zmax, and Zmin indicate the maximum and minimum depth
values, depth value of pixel (i, j), and maximum and minimum real depth values of the scene

that are computed based on the minimum and maximum disparity values, respectively. To
check the validity of this sequence, we have tested the quality of synthesized image using
reference software. In the following subchapters, we demonstrate the experimental results.

4.5. Initial Depth Map Generation
For the accurate stereo matching, we can use the initial disparity values. We regard depth
information obtained by the depth cameras as the initial disparity of multi-view image. In
order to match the depth images that have the different resolution compared to the color
images and captured by lower position than the video camera, we backproject the depth
images to the world coordinates using 3-D warping.
Then, the depth information in the 3-D space is reprojected onto each image plane of
the video camera. This reprojected depth information is changed to the form of disparity
by using Eq. 1.
Figure 8(a) shows the original depth image and the warped depth image. The warped
depth image has the same resolution as the color image. The warped depth image and the
color image are almost matched as shown in Fig. 8(b). Because not only there is shape
mismatch between the original depth image and the color image, but also the resolution
difference is too large.

Figure 8: Depth image warping
4.6. Multi-view Depth Map Generation
In the proposed system, we obtain the depth map of each view based on the initial
depth information that is from the depth cameras. After applying the mean-shift color
segmentation to color images, the initial depth of each pixel is represented as initial
disparity value using Eq. 1. At this point, we use the baseline and focal length of video
cameras. Also, we assumed that each segment has one disparity value that is the average.
Then, the disparity map of each view is obtained based on segments with their disparity
values that minimize the sum of absolute difference (SAD) between the current and
reference segments.
In order to increase the quality of the initial disparity map, we refine that using belief
propagation method. Figure 9 shows the generated 3-D video that is composed of the
multi-view color and multi-view depth sequences and Figure 10(a) shows the depth map
from the VERS software and Figure 10(b) is the depth map from the proposed system. To
compare the depth quality of the proposed system with previous works, we compared the
depth map generated by the VERS 7.0. Table 2 shows the average peak signal-to -noise
ratio (PSNR) of the synthesized images generated by VERS 7.0.

Figure 9: Generated 3-D video

Figure 10: Generated depth map
Table 2: PSNR comparison

Average
PSNR

5.

VERS (dB)
(View 3)

Proposed method
(View 2 and View 3)

34.89

35.18

Conclusion

In this document, we introduced a multi-depth camera system for 3-D video generation.
The proposed camera system captures the multi-view video and the depth image
sequences in real time by using five video cameras and five TOF depth cameras. The
proposed system has an advantage on fast and accurate multi-view depth sequence
generation. With the generated 3-D video, we can reconstruct intermediate viewpoint
images and feel a 3-D sense from them through multi-view displays.
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