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Abstract—We deal with the processing of multiview video ac-
quired by the use of practical thus relatively simple acquisition
systems that have a limited number of cameras located around a
scene on independent tripods. The real-camera locations are
nearly arbitrary as it would be required in the real-world Free-
Viewpoint Television systems. The appropriate test video se-
quences are also reported. We describe a family of original exten-
sions and adaptations of the multiview video processing algo-
rithms adapted to arbitrary camera positions around a scene.
The techniques constitute the video processing chain for Free-
Viewpoint Television as they are aimed at estimating the parame-
ters of such a multi-camera system, video correction, depth esti-
mation and virtual view synthesis. Moreover, we demonstrate the
need for new compression technology capable of efficient com-
pression of sparse convergent views. The experimental results for
processing the proposed test sequences are reported.

L INTRODUCTION

Free-Viewpoint Television (FTV) is an interactive video
service that provides the ability for a viewer to navigate freely
around a scene [1],[2]. A viewer watches the scene from virtual
viewpoints on an arbitrary navigation trajectory. At each virtual
viewpoint, the corresponding view has to be synthesized and
made available at the receiver. Possibly many viewers share the
same FTV service, and each viewer navigates independently.
View synthesis may use either the distributed model where
views are synthesized independently in each receiver, or the
centralized model where views requested by all viewers are
synthesized in the servers of the service provider [3],[4]. The
distributed model requires high transmission bandwidth in
server-to-viewer downlinks and significant processing power
of viewer terminals [5],[6]. On the other hand, the centralized
model suffers from delays in the bidirectional server-to-
terminal communications [7], similarly to networked gaming.
Therefore, both models are considered for future applications.

An FTV system requires efficient techniques for multicam-
era system calibration and video correction [8], depth estima-
tion and view synthesis [9]. Many techniques have been al-
ready proposed for the abovementioned tasks, but mostly for
the linear camera setup and small distances between cameras.
Fewer works dealt with circular camera setup (Fig. 1) and
arbitrary locations of a limited number of cameras [1],[10]. On
the other hand, in a practical FTV system the number of cam-
eras should be limited, and therefore the distances between
cameras are large. The cameras are located around a scene, in a
roughly circular camera setup. Therefore, this paper focuses on
the chain of multiview video processing in an FTV system with
circular camera setup and limited number of cameras. The
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considerations will be appropriate for both distributed and
centralized systems. Therefore, the communications between
the servers and the viewer terminals as well as audio processing
will be left beyond the scope of this short paper.

View 0 \// / >
@5 g ﬁﬁ% View 9

Figure 1. The circular camera setup used in the experiments
reported in this paper.
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II.  VIDEO ACQUISITION

An important requirement for an FTV multi-camera system
is its practicality, including moderate cost, portability, easy
operation etc. These features may be obtained by the applica-
tion of standard portable cameras mounted on individual tri-
pods of approximately the same height that stand roughly on an
arc around a scene (Fig. 2). For experiments and FTV-system
prototyping, we have designed and developed a system with 10
HDTYV global-shutter cameras (Canon XH G1) as in Fig. 2.
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Figure 2. Tripods with wireless camera modules designed and
produced at Poznan University of Technology.

The multiple cameras would need common control and
exact synchronization in addition to signal and power supply
cables. In order to avoid problems with huge number of ca-
bles, a wireless camera module was developed by the authors
(see left side of Fig. 2). Each module has wireless control and
synchronization links, local power supply and hard disk for
captured video. The whole system has no cables and can be
easily operated by a single person. It is used for the acquisition
of compressed or uncompressed multicamera video, both in-
door and outdoor. For the hardware details please refer to [10].
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Further in this paper, video processing will be considered in
the context of the acquisition with the use of the abovemen-
tioned system.

The experimental system was built having in mind such
future FTV applications, e.g. sport broadcasts (like judo, wres-
tling, sumo, dance etc.), performances (theater, circus), inter-
active courses (medical, cosmetics, dance etc.), manuals and
school teaching materials.

1II.  TEST SEQUENCES

Very few multiview sequences, recorded using non-linear
camera arrangements, are available. Moreover, none of them is
available in Full-HD resolution. Therefore, for experimental
purposes, we have produced a set of 10-view test sequences
recorded using the abovementioned multicamera system with
nearly-circular camera arrangement. The created sequences
(Fig. 3) have registered both indoor (“Poznan Blocks™ [11])
and outdoor (“Poznan Team”) scenes, and are offered to the
FTV research community. Basic specification of sequences is:
resolution 1920x1080, length 1000 frames, 25 frames per sec-
ond, the camera setup radius R = 3 or 15 meters (Fig. 1), for the
indoor and outdoor video, respectively.
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Figure 3. Views 0, 5 and 9 of indoor and outdoor test sequenc-
es: “Poznan Blocks” (top) and “Poznan Team” (bottom).

IV. SYSTEM CALIBRATION

A. Estimation of intrinsic parameters and lens distortions

This step of calibration is performed independently for each
camera, so existing algorithms can be used. We used the meth-
od described in [8]. For each camera, a number of different
views of a checkerboard has to be acquired (3 — 6 views are
sufficient to provide repeatability of estimated parameters). The
method was shown to provide high calibration accuracy [12].

B. Extrinsic parameters estimation

We propose to use a modification of the technique from
[13] that requires a set of corresponding characteristic points
for each camera. Those points can be obtained by the use of
calibration objects, feature extractors and matching algorithms,
or they can be provided manually. For a circular camera setup,
a halogen lamp is a good choice for a calibration object [14], as
it is simultaneously visible by all cameras.

Every point of the image obtained from one of the cameras,
in another view should lie on an epipolar line, which directly
depends on extrinsic parameters [15]. For each camera we
estimate 6 parameters: the 3-dimensional vector of translation £
(between camera’s optical center and global reference system)
and 3 angles of camera’s rotation in 3D-space: ¢,6,3. These
parameters can be obtained through minimization of the sum of
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the distances between every characteristic point and the corre-
sponding epipolar line. We propose calculation of the error
summed over all combinations of two cameras in every group
of C neighboring cameras, where the final parameters are cal-
culated with respect to the global coordinate system. We have
chosen C = 4, so the groups contain cameras 1-2-3-4, 2-3-4-5,
etc. This size of camera groups yields a reduction of error
propagation among all cameras, simultaneously ensuring global
consistency of the extrinsic parameters. The error function is
defined as:

N-C C+n C+n P
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where N is the number of cameras in the system (N = 10 in our
case), C — the number of cameras in each group, »n — the group
index, c,.r— the reference camera index, ¢, — the target camera
index, P —the quantity of the visible characteristic points in a
camera group, p — the index of a characteristic point and d — the
distance between point p and the corresponding epipolar line.
Obviously, the above formula (1) defines the cost function, but
its practical implementation should avoid multiple calculations
of individual distances. Moreover, when the rotation of camera
is represented with Euler angles, a situation called “gimbal
lock™ can occur [16]: for some angles the rotation loses one
degree of freedom, because two rotation axes are on the same
plane. In order to prevent this situation, we use quaternion
representation of the rotation angles ¢, 8,1, as in [17].

The extrinsic parameters are estimated by minimization of
E using a non-gradient optimization algorithm. The starting
values of the parameters are roughly calculated from the cam-
era system geometry, i.e. the angles between the cameras and
the distance from the center of the scene.

The accuracy of the proposed procedure was estimated us-
ing the average value of d (see (1)) for both automatically and
manually selected characteristic points. For 50 automatically
detected positions of a halogen lamp, the mean d was 0.11
sampling period (with standard deviation 0.17). For 20 manual-
ly selected points, the error was 0.46 sampling period (with
standard deviation 0.62). For automatic acquisition of charac-
teristic points, very low errors indicate both the high accuracy
of proposed algorithms and proper operation of the camera
synchronization modules. Moreover, with manually selected
points, the algorithm still provides sufficiently low error, that
enables using these parameters for depth estimation.

C. Color correction

The algorithm of color correction is based on histogram ad-
justment and it is performed independently for each RGB com-
ponent. In our adaptation of the technique [18], in the first step,
we estimate the differences in histograms between all neighbor-
ing cameras. Then, in added second step, for each RGB com-
ponent, we adjust a histogram of every view to the histogram of
center view.

The proposed method [19] was previously used to correct
sequences recorded by a system with linear camera setup. In a
nearly-circular system, the described approach provides a slight



improvement of synthesis quality, increasing the PSNR value
by almost 0.5 dB.

V.  DEPTH ESTIMATION

The core of the depth estimation algorithm implemented by
the authors uses the workflow of the enhanced version of the
Depth Estimation Reference Software [20]. However, in this
paper, some new original improvements dedicated to a system
with arbitrary camera locations are proposed: the global depth
map levels, various matching block sizes, inter-view consisten-
cy in the Graph Cut optimization and independent depth esti-
mation for stationary background or moving objects.

A. Matching error estimation

Depth information about the scene is obtained automatical-
ly from real views. The matching error is calculated by match-
ing potentially corresponding pixels in each view. As opposed
to linear camera setup, where corresponding points were locat-
ed at the same horizontal lines in each view, now they lie on
the epipolar lines.

The search for corresponding points within the epipolar line
is performed by projecting points between views using the
projection matrices, combining both intrinsic and extrinsic
parameters of each camera. Any point visible in one camera
can be projected to another one using the equation:

[, 2 2, 11T = Py - P77+ [y 31 24 117, (2)

where P, and P, are the projection matrices of two cameras,
(x4, y1) are the coordinates of a particular point in one view, z;
represents its depth. By changing the value of z; it is possible
to reach every point on the specified epipolar line.

Similarity measurement between potentially corresponding
points is performed in blocks of different sizes. An increase of
block sizes enables avoiding the influence of noise, but also it
causes the removal of a significant amount of image details, we
can preserve with the use of small blocks (e.g. 1x1). The pro-
posed method, that merges the advantages of both methods,
uses blocks of various sizes. The improvement of depth quality,
compared to constant blocks sizes, is shown below (Fig. 4).

Figure 4. A part of a depth map estimated using pixel matching
(left), 7x7 blocks (center), and various-sized blocks (right).

As an option, depth maps may be estimated separately for
stationary background and for moving objects after segmenta-
tion of pictures. We have implemented this option and used it
in the experiments described further in this paper. That im-
provement may enhance the quality of depth map, especially
for sequences with relatively small moving objects, like e.g.
“Poznan Team” (Fig. 3).

B. Optimization

To perform the optimization of calculated matching error,
Graph Cut algorithm is used [21]. Graph Cut is essentially an
optimization algorithm for binary-valued variables. The ap-
proach from [21] assumes the following goal function:
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T(f) = sz(fp) + Z Vp,q(fp'fq)' (3)
)
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where p and q are pixels in the image, f'is the depth of a point,
D, is a cost function of assigning the depth f, to the pixel p and
V4 is consequently a cost function of assigning depth £, to p
and f, to g. D, is equal to the previously computed matching
error, V), , (called smoothness term) is an absolute difference of
Jpand f;in the simplest yet practical case.

For each level of depth, a graph is created. It bonds all pro-
cessed pixels (represented as nodes) with edges weighted by
the goal function 7. All nodes can be assigned to one of two
sets — one represents the previously calculated depth level of a
point, the other — the currently processed depth level (expan-
sion move algorithm [22]) To find a cut of graph, which mini-
mizes the global energy, the maximum flow is computed.

In order to achieve spatial (inter-view) consistency of depth
maps computed for neighboring cameras, a different goal func-
tion is proposed:

TO= ) D hwlofo)+ ) hoallof)  (a)
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where p' is a pixel in the view ¢ that corresponds to the pixel p
from view d. Therefore, the depth of each point is estimated
using information from all views simultaneously.

When using the abovementioned goal function (4), it is
necessary to change the interpretation of the depth map. Typi-
cally, for each point the depth is expressed as the distance be-
tween a camera and a plane containing the 3D point, perpen-
dicular to camera’s optical axis. When cameras optical axes are
parallel, the points corresponding to the same point P in 3D
space in different cameras have the same depth (Fig. 5a). This
statement is not true for a circular arrangement of cameras
(Fig. 5b). For that setup, the depth map has to be calculated as a
distance from the center camera of the system, so in spite of
cameras placed on an arc, the depth levels are arranged like
parallel planes as shown in Fig. Sc. We define the depth levels
that are common for all cameras as global depth map levels.
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Figure 5. Depth map levels for: a) the parallel optical axes,
b) the circular arrangement of cameras,
¢) the circular arrangement with global depth map levels.

VI. VIRTUAL VIEW SYNTHESIS

In that step, views representing images captured by virtual
cameras are being created. We have developed an algorithm of
virtual view synthesis which uses MPEG’s reference software
(VSRS [23]) core, adding several improvements for the adapta-
tion of the algorithm for circular camera arrangement: global
depth map levels, median filtering of occluded regions and
multi-camera synthesis.



The main idea of the synthesis algorithm is depicted in
Fig. 6. It consists of two major phases: virtual depth map calcu-
lation (blue arrows) and backward texture projection (orange).

Figure 6. The view synthesis algorithm.

A. Virtual depth map calculation

In the first phase, only depth maps for real views are used.
A set of depth maps may comprise two or more depth maps.
By increasing the number of depth maps many occlusions can
be eliminated, which increases the quality of the virtual depth
maps (the depth maps for the virtual views).

A virtual depth map is created using the depth information
and the camera parameters, precisely: the projection matrices
of the real cameras: Pg, and the virtual ones: Py,. For each real
camera the workflow is identical: every point from its depth
map is projected to virtual depth map:

xy yv zy 11" = Py - PR - [xg yr 2p 1]7. )

As a result, we obtain a vector containing the position and the
depth of the same point in the virtual camera.

At this point, there are several partial depth maps for one
virtual view — each of them projected from only one input
depth map. They subsequently have to be merged into one
proper virtual depth map. The final depth value has to be cho-
sen independently for every point in the virtual depth map. We
performed the merging because of occlusions in the real views
and their different lighting characteristics.

After merging, there can be some regions with no infor-
mation about depth in the virtual depth map — non-synthesized
regions. Before texture projection, these regions have to be
filled up. The proper way to achieve that is to filter the depth
map by a median filter. However, the entire image filtering
would cause the displacement of the edges. Therefore, the
depth map is filtered only in non-synthesized regions, leaving
remaining areas unchanged. The influence of such filtering, in
comparison with disabling that feature is presented on Fig. 7.

Figure 7. A part of a virtual view: without depth map filtering
(left), with median filtering in non-synthesized regions (right).
B. Backward texture projection

In order to obtain the final virtual view, it is necessary to
estimate the proper color of each image pixel. The texture is

projected from the real views to the virtual ones according to
the previously estimated values of the virtual depth maps.

Just like in the virtual depth map calculation, every pixel is
projected from one view (virtual) into another one (real). Then,
the color values from the projected position in a real view are
copied into a virtual view. The color of every pixel can be
copied from any view. Different lighting conditions in the real
views may cause color artifacts in the synthesized view. To
avoid it, the colors of the corresponding pixels should be aver-
aged, for example using weighted average with two separate
weights: the distance to virtual camera and the value of the
projected depth from each real camera.

VII.  ACCURACY ESTIMATION

For individual multiview video processing tasks, the quali-
ty assessment methods were already presented in several pa-
pers (e.g. [6],[24]). These methods are based on a common
idea, that the quality can be evaluated by the comparison of
the virtual view and the real view from the same viewpoint.
For example, in our test sequences, the real View 1 (Fig. 1)
may be compared to a virtual view at this location. This virtual
view is synthesized using Views 0 and 2, where the angle
between these views is 22°. We are also able to synthesize
virtual views for real views having an angle of 44°, 66° and 88°
in between. Therefore, we are able to estimate the error ex-
pressed as PSNR for all mentioned angles.

Nevertheless, in an FTV system, the virtual views are syn-
thesized using real views with angle 11° in between. The PSNR
value for this angle may be obtained by extrapolation of PSNR
values for 22°, 44°, 66° and 88° (see Fig. 8). Therefore, the
estimated luma PSNR for 11° is also a good estimate for the
overall accuracy of the system. This estimated PSNR (about 31
dB) is an indicator for the acceptable quality of the whole video
processing chain.
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Figure 8. Average luma PSNR for the synthesized frames with
respect to the corresponding reference from a real camera;
data are extrapolated for angles less than 22° between cameras
(for “Poznan Blocks” sequence).

VIIL

The experiments were designed to assess the available
compression efficiency for the sequences with a circular cam-
era arrangement. We compare the HEVC-based state-of-the-art
codecs: simulcast HEVC [25], MV-HEVC [26] and 3D-HEVC
[27]. The configuration parameters for all encoders were the
same: intra-period = 24, GOP = 8, 1 slice per picture, SAO and
VSO switched on.

VIDEO COMPRESSION

The results of the experiments (Fig. 9) show, that the spe-
cialized MV-HEVC and 3D-HEVC codecs provide only a



small improvement over HEVC simulcast, i.e. bitrate is re-
duced only by up to 13% (for “Poznan Blocks™ by 10.9 % for
MV-HEVC, and 13.1% for 3D-HEVC, and for “Poznan Team”
by 3.1% and 3.6%, respectively).
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Figure 9. Compression of “Poznan Blocks” and “Poznan
Team” sequences (the first 50 frames) for 3 views.

IX. CONCLUSIONS

We propose the entire processing chain for multiview video
acquired by a system with a nearly-circular camera arrange-
ment. In order to achieve high quality of the synthesized virtual
views, the usage of existing methods is not satisfactory. There-
fore, we have adapted widely-known algorithms by adding
some improvements and modifications, e.g. optimization-based
extrinsic parameters estimation with modified goal function,
spatial-consistent optimization of depth maps, or global depth
map levels. Moreover, the paper presents the experimental
results, that show the need for new compression techniques that
will provide higher compression efficiency for nearly-circular
arrangements of cameras. For research purposes a set of mul-
tiview test sequences was created. Two 10-view sequences
with respective camera parameters are now available to the
FTV research community and can be obtained from the au-
thors: {ostank, kwegner}@multimedia.edu.pl.
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